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ABSTRACT
The following proposition has been investigated and found 
to be both reasonable and useful: The excited state properties of
amide-containing molecules may be rationalized by a consideration 
of the excited state properties of the isolated group and other 
appropriate functional units. An examination of bond lengths and 
vib::ational frequencies for isolated and direct-interaction amides 
infer that these ground state properties are very similar for both 
types of molecules. Detailed correlations of the MO's and states 
resulting from CNDO/s calculations indicate that even molecules as 
complex as parabanic acid may be successfully analyzed in terms of 
the MO's and states of its component parts. The experimental 
excited state properties of direct-interaction amides may also be 
correlated successfully with those of appropriate isolated amides. 
In addition, the correlations of experimental and theoretical 
results compare favorably.
The investigation of such a general proposition demands 
the study of a large mass of experimental and theoretical informa­
tion on a wide range of molecules. A very important group of 
molecules, the Q'-dicarbonyls, is also studied and extensive experi­
mental and theoretical correlations are made. The groundwork is 
laid for further extensive experimental work of both a general and 
a specific nature. For example, the feasibility and usefulness of
4.2°K crystal absorption spectra is demonstrated, and the lack of
xiii
definitive studies on the higher-excited states of such molecules 
as glyoxal and biacetyl is noted.
Included also is extensive source information on the 
excited state properties of the isolated amide group and direct- 
interaction amides. A synthesis of literature data to illustrate 
important points and critical discussions of certain references 
are found in the first five chapters.
xiv
CHAPTER I
INTRODUCTION
Classification 
A large number of molecules contain the structural unit 
-CO-N<. This grouping will be termed an amide unit or an amide group. 
The general class of compounds in which the amide group is found will 
be called amide-containing molecules. When such a compound contains 
an amide unit bonded only to methylene or alkyl groups, the molecule 
will be termed an isolated amide. If the amide group is bonded to 
functional units such as a carbonyl group or another amide unit, then 
the compound will be classed as a direct-interaction amide.
Some examples of amide-containing molecules are given in 
Figure 1. The classification of the isolated amides is straightforward. 
However, the classification of direct-interaction amides appears quite 
a bit more formal and involves a certain degree of ambiguity. Probably 
the only relationship between thiolutin and alloxan is that both 
contain amide units.
Polypeptides, a very important class of biological molecules, 
fall into the category of isolated amides. The properties of these 
polymers and of appropriate model compounds have been studied 
extensively, and a vast amount of experimental and theoretical 
information is available concerning the isolated amide group.
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Figure 1. Examples of amide-containing molecules.
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4Unfortunately, information is not so abundant for 
direct-interaction amides. The reason for this lack of information may 
be associated with the absence of any overriding importance of these 
molecules. An obvious exception is uracil. Being of importance in 
biopolymers, this compound has been studied extensively.
Statement of the Problem
The basic implication of this classification scheme is that 
direct-interaction amides are related to isolated amides. The 
validity of this implication will depend largely on the properties that 
are chosen for investigation as well as on the specific compounds that 
are selected. In this work, an examination of various excited state 
properties derived from electronic absorption and emission studies will 
be emphasized. The choice of direct-interaction amides will be limited 
to those molecules exhibiting the basic self-interactions possible for 
two amide units and, to a lesser extent, the interactions of an amide 
unit with carbonyl or amine groupings.
There are a few references in the literature that relate 
excited properties of individual direct-interaction amides to the 
properties of isolated amides. Turner (1) comments that he can explain 
the 2:1 ratio of extinction coefficients of a given cyclic imide to an 
appropriately alkyl-substituted amide "if the two halves of the imide 
group behave as independent amide chromophores." Tomiie (2) discusses 
N ,N 1-diformylhydrazine as two -NHCHO groups but docs not actually 
compare any spectroscopic properties. Rosa and Simpson (3), using a 
coniposite-molecule calculation based on the method of resonances (4) ,
5describe uracil and related molecules by a consideration of the inter­
action of amide resonance structures. Based on a consideration of 
uracil as two amide groups and one double bond in weak interaction, 
Caldwell, Thorne and Eyring (5) have calculated spectroscopic proper­
ties useful in the interpretation of circular dichroisra spectra.
These references may imply or use the premise outlined, but 
no justification is given for accepting such an attitude. Also, no 
sense of generality is stated or implied in any of the papers.
Although excited state properties are emphasized in this work, 
an examination of certain ground state properties reveals a distinct 
relation between isolated and direct-interaction amides. Information 
available from the literature of X-ray crystallography allows the cor­
relation of structural data for a very large number of amide-containing 
compounds. In a few instances, workers in this field have compared the 
bond lengths and angles of various direct-interaction amides (6,7) and 
noted similarities of data for both isolated and direct-interaction 
amides (8). However, a general correlation of X-ray crystallographic 
data is not available in the literature.
A plot of the carbon-oxygen bond length versus the carbon- 
nitrogen bond length of a large number of isolated and direct-interac­
tion amides is presented in Figure 2. The vast majority of data points 
lie in the area bounded by the values 1.210 to 1.260 X for the carbon- 
oxygen bond and 1.310 to 1.370 X for the carbon-nitrogen bond. These 
values represent 1007,, to 777, of a carbon-oxygen double-bond length and 
807, to 477, of a carbon-nitrogen double-bond length, respectively. This
Figure 2 Comparison of C-0 and C-N bond lengths of isolated ( • )  and direct-interaction ( O )  amide 
[A list of the molecules used in this figure, including literature references, is given i 
Appendix B.]
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8is just the description of amide bond lengths as generally accepted 
(9,10). Within this area, the data points for both the isolated and 
the direct-interaction amides are found. This observation indicates 
that the structural parameters of isolated and direct-interaction 
amides are very similar.
The lengths of the bond connecting an amide unit and an in­
teracting functional unit are also revealing. Table 1 gives a compar­
ison of this "interaction-bond length" with the appropriate single­
bond length. For oxamide and N, N 1-diacetylhydrazine, two amides are 
in direct interaction, and the interaction bond is carbon-carbon and 
nitrogen-nitrogen, respectively. The interaction bond in ammonium 
oxamate is the same as in oxamide, except that an amide is interacting 
with an ionized acid group. Azodicarbonamide is composed of two amide 
units as substituents on a nitrogen-nitrogen double bond; therefore, 
the interaction bond is carbon-nitrogen. A comparison of the lengths 
of the interaction bond and appropriate single bonds shows no appre­
ciable differences. Based on the notion that interaction through t v 
electron delocalization produces a shortening of a given bond, the 
conclusion is that amide units tend to remain relatively independent 
in the compounds cited in Table 1.
Infrared absorption data also indicate that a similarity 
exists between isolated and direct-interaction amides. King (11) 
makes note of the striking likeness of the vibrational frequencies of 
the fundamental modes of matrix-isolated urea and acetamide as shown 
in Table 2. Miyazawa et a l . (12) indicate that the similarity also
9TABLE 1
INTERACTION-BOND LENGTHS OF AMIDE-CONTAINING MOLECULES
Compound
Interaction
Bond
Interaction- 
Bond Length 
(Angstroms)
Appropriate Single 
Bond Length 
(Angstroms)
Oxamide C-C 1.542a 1.54 (Ethane)6
Ammonium Oxamate C-C 1.561b 1.54 (Ethane)6
Diacetylhydrazine N-N 1.40°
, .c (Dimethyl-
hydrazine)6
Azod icarbonamide C-N 1.48d i.48
amine)
aE. M. Ayerst and J. R. C. Duke, Acta Cryst.. Jj 588 (1954).
bB. Beagley and R. W. H. Small, Proc. Roy. Soc. A,
469 (1963).
CR. Shintani, Acta Cryst.. 609 (1960).
dJ. H. Bryden, Acta Cryst.. 61 (1961).
eA. D. Mitchell et a_l. , eds. , "Tables of Interatomic 
Distances and Configuration in Molecules and Ions," The Chemical 
Society (Burlington House), London (1958).
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TABLE 2
COMPARISON OF IR VIBRATIONAL FREQUENCIES OF MATRIX-ISOLATED
UREA AND ACETAMIDE
Assignment Frequency (cm ^)
Urea Acetamide
(Isolated)
Acetamide
(Dimer)
a" VNH2
3548 3557
s ’ vn h 2
3440 3436 —
vc0 (Amide I) 1734 1728 1695
6 (Amide III)
n h 2
1594 1589 1620
vCN (Amide II) 1394 ( a - v ^ )  
1014 ( s - v ^ )
1316 1382
aS. T. King, Speetrochim. Acta, 28a , 165 (1972).
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exists for more complex molecules as indicated by the frequencies listed 
in Table 3. The frequencies compare favorably for the separate refer­
ences, although they differ significantly when compared as a whole,
even in the assignment of the 6 „ and v modes. Since these data
ON
were obtained from crystal absorption (KBr discs or mulls), the de­
crease in the values of similar vibrational frequencies obtained by 
matrix-isolation is understandable because of the effect of hydrogen- 
bonding .
Thus, an examination of the bond lengths and infrared vibra­
tional frequencies of a number of amide-containing molecules estab­
lishes that the ground state properties of direct-interaction amides 
may be rationalized in terms of the ground state properties of isolated 
amides.
Systematics and Delineation of the Problem
As stated earlier, the direct-interaction amides studied in 
this work will be limited to interactions involving amide, carbonyl 
and amine units. Even under these restrictive conditions, the number 
of molecules possible in quite large. A general approach to the inves­
tigation of these molecules is given in Figure 3. Involved are three 
stages of study, the first being the characterization of the single, 
isolated amide group. This level of investigation concerns simple 
aliphatic amides and lactams.
Additional information about amides may be obtained by a 
correlative study of the properties of isoelectronic molecules (Series A
12
TABLE 3
COMPARISON OF IR VIBRATIONAL FREQUENCIES OF VARIOUS AMIDE-CONTAINING
MOLECULES3
Compound
Amide I
(vco>
Amide ! 
^CN^
Frequency (cm 
II Amide III
< V
l)
Amide IV Amide V
N-Methylacetaraide 1653 1566 1301 628 745
N-Methylformamide 1672 1575 1269 767 800
N , N 1-Diformylhydrazine 1610 1480 1229 753 770
N,N'-Diacetylhydrazine 1597 1506 1260 629 640
N , N 1-Diraethyloxamide 1658 1532 1239 760 775
T. Miyazawa, T. Shimanouchi and S. Mizushiraa, J. Chem. Phys.. 
408 (1956).
Figure 3. Flow chart for the study of amide-containing molecules.
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in Figure 4) such as that done by Basch, Robin and Kuebler (13).
These closely related compounds may be assumed to contain 18 valence 
electrons distributed over a nonlinear, triatomic system. The full 
generality of such a description is used by Maria et a l . (13) in a 
study of the molecules in Series B of Figure 4. This correlative 
approach is also useful in the study of certain self-interaction 
amides.
The importance of correlative spectroscopy to this work de­
mands a more detailed discussion. If the molecules of Figure 4 are 
viewed as members of a series which originates in some parent com­
pound, the properties of the whole system of molecules may be cate­
gorized as follows:
(i) Some of the properties of the base member are common 
to all systems in the series and serve to define it. In this case, 
the base molecule (e.g., ozone) is bent, triatomic and contains 18 
valence electrons.
(ii) An "independent-variable" property of the parent system 
generates the other members of the series and is thus different for 
every member. For this series, changes in the electronegativity or, 
better, changes in electron availability at the three centers of the 
system may be considered to generate the series.
(iii) Dependent-variable properties that change for the 
series members in direct relation to changes of the generating prop­
erty are the properties of interest in the series. For the present 
series, these are excited state properties such as transition energies.
Figure 4. Correlation series of molecules containing 18 valence 
electrons.
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The correlation of these properties throughout the series provides the 
usefulness of the approach.
(iv) A basic assumption for a correlative series is that, as 
the series is generated, changes in the remaining properties of the 
base system have negligible effects on the properties that are being 
correlated. This, of course, is not always the case. As an example, 
consider the complete set of halogen analogues to be included in Series B 
of Figure 4. The electronegativity does change in the halogen 
series, but simultaneous changes in spin-orbit coupling constants are 
also taking place. These latter changes most certainly affect excited 
state properties.
Assuming that an appropriate series of molecules can be 
generated, correlative spectroscopy is a very useful tool. The tech­
nique can lead to the estimation of experimental or theoretical quan­
tities not readily available for a given member of a series. A very 
important example of this is the assignment of group-theoretic desig­
nations to the correlated states of a series. An unambiguous experi­
mental or theoretical assignment for just one of the states provides 
similar assignments for all. The correlative approach also systema­
tizes a large body of available information in new and unique ways and 
provides for the efficient generation of new information when needed. 
Further elaboration and specific examples of correlative spectroscopy 
may be found in papers by Platt et a l . (14) and McGlynn et al. (15,16).
Once a body of information on the isolated amide group is 
available, a study at the next level of investigation may be initiated.
19
The molecules designated as self-interaction amides have been chosen for 
detailed study for several reasons. First, source information is needed 
for only one type of functional unit, i.e., the amide group. Second, 
the bonding properties of the amide unit allow for the convenient con­
struction of specific molecules that represent the three basic amide 
self-interactions required by the asymmetry of the amide unit, as well 
as modulation of these interactions.
Nine different interaction situations for two amide units are
shown in Figure 5. For lack of better terminology, the three basic
combinations are termed head-to-head, tail-to-tail and head-to-tail. 
Appropriate N-alkyl substitutions can provide several different spatial 
arrangements of the amide units about the connecting bond, thereby de­
termining the specific interaction between the two groups. These 
arrangements about a single bond are called conformations (17). Al­
though a more precise terminology exists for the description of con- 
formers in terms of torsional angles (17), the more common terms
twisted, cis and trans will be used. The terms cis and trans refer to
planar or near-planar conformations, and twisted implies a large di­
hedral (torsional) angle for a given isomer.
The head-to-head interaction forms molecules which may be 
classified as ordicarbonyls. These compounds possess 34 valence 
electrons distributed on a basic, 6-center framework of maximum 
D2^ symmetry. A study of this correlative series can provide impor­
tant information about the head-to-head amide interaction.
A study of the molecules designated as stepwise-interaction
Figure 5. Amide self-interactions.
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amides in Figure 3 represents another way to investigate the excited 
state properties of direct-interaction amides. These molecules can be 
generated by the actual or imagined interaction of a carbonyl or amine 
group with an amide unit. Thus, an amide group plus a carbonyl group 
forms such molecules as pyruvaraide or succinimide, depending on 
whether the reaction is at the amide carbon or amide nitrogen. Mono- 
acetylhydrazine and urea may serve as examples for the two amide-amine 
combinations. The direct-interaction amides can also be obtained from 
these molecules by appropriate carbonyl or amine additions. For ex­
ample, pyruvamide plus amine gives an oxamide, the head-to-head amide 
interaction. Figure 6 illustrates how a number of complex molecules 
can be "synthesized" by this stepwise-interaction procedure.
For an initial investigation, the stepwise approach is less 
desirable than the study of self-interaction amides. Input information 
is needed for three different groups--amide, carbonyl, amine--and a 
larger number of compounds has to be studied. Also, the interaction of 
identical units is conceptually simpler than that of unlike units. 
Finally, the chemistry of self-interaction compounds allows more con­
formations to be studied than are available in the stepwise-interaction 
approach.
The final level of investigation of amide-containing molecules 
is the application of the attitudes developed during the initial exam­
ination of the self-interaction amides. A number of complex molecules 
suitable for such study are collected in Figure 6. This particular 
approach to complex molecules includes only compounds that are
Figure 6. Stepwise-interaction.
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"synthesized" by a simple extension of the process of stepwise inter­
action of an amide with carbonyl and amine groups. The compounds are 
specifically cyclic to insure that the interactions involved will take 
place in a uniform spatial relationship. However, acyclic compounds 
can also be included. Biuret and triuret perhaps could serve as model 
compounds for the study of the extended amide interaction which is 
found in polyisocyanates.
Purposes
The overall purpose of this dissertation is to present the 
ideas, experimental information, and conclusions developed in four 
years of study on amide-containing molecules. To do this, the follow­
ing goals have been established for this work:
(i) To enunciate the proposition that the excited state
properties of direct-interaction amides can be interpreted in terms of 
the excited state properties of the amide group and other appropriate 
functional units.
(ii) To provide a suitable initial test of the validity of
the proposition by a detailed study of direct-interaction amides.
(iii) To provide a test of the generality of the proposition 
by an attempt to interpret the excited state properties of several 
complex molecules.
(iv) To provide an extensive review of pertinent experimental
properties of amides, c*~dicarbonyls and amide-containing molecules of 
Figure 3.
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(v) To provide for the exposition of original research 
results associated with, but not essential to, the stated problem.
The first goal is carried out in this chapter. Chapter VII 
investigates the proposition using experimental results extracted from 
Chapters II through V and theoretical results of CNDO/s calculations, 
thus satisfying items (ii) and (iii). Phenomonological correlations 
of luminescence data for a large number of amide-containing compounds 
are also included. Chapters II through V fulfill the aim of items
(iv) and (v). Specifically, the original experimental information 
included in these chapters is (a) a characterization of absorption and 
emission properties of oxamides, thiooxamides and parabanic acid,
(b) extensive emission studies of aliphatic and aromatic amides and
(c) pertinent absorption and emission properties of various
amide-containing molecules--N,N'-diacetyl hydrazine, various acyl ureas, 
poly(n-butylisocyanate), urea, biuret, and succinimide--and of 
o'-dicarbonyls--oxamic acid, (C0C1) (COCX^H^) , oxalic acid, pyruvic acid, 
and oxalyl chloride. Chapters VI and VII contain entirely original 
results. The detailed review and exposition of certain crdicarbonyl 
properties of Chapter IV provides the basic information for extended 
studies of both a general and a specific nature. Chapter VI examines 
CNDO/s results of the crdicarbonyls from a correlative viewpoint and 
provides the groundwork for the use of similar results for 
amide-containing molecules in Chapter VII.
CHAPTER II
AMIDES
The isolated amides discussed in this chapter will be con­
fined to simple aliphatic amides and lactams. The importance of the 
properties of the amide group to the understanding of amide-contain­
ing molecules has prompted the inclusion of a number of ground state 
properties in this chapter, although excited state properties are 
emphasized.
Ground State Properties
Structure
Structural data for many simple amides have been included in 
Figure 2 of Chapter I. The bond lengths of the amide group are found 
to vary from compound to compound and for the same compound in dif­
ferent phases (9,18). This behavior is especially true for the carbon- 
nitrogen bond. The structure of formamide, the simplest amide, has 
been determined very precisely for the gas phase using microwave tech­
niques (19). The results of the study are in Figure 7. The carbon 
atom is slightly out-of-plane relative to the other centers. Although 
this non-planarity is not typical of amides, the bond lengths and 
angles represent the values for an unsubstituted, isolated amide. For 
comparison, the results of an X-ray diffraction study (20) of solid 
fcrmamide are also included in Figure 7.
27
Figure 7. Structure of formamide. [Dashed lines indicate hydrogen
bonds. Figure is based on information in Refs. 19 and 20.
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Restricted Rotation
Many of the properties of amide-containing compounds are de­
termined to a large extent by the characteristics of the carbon-nitrogen 
bond. Restricted rotation about this bond leads to the existence of 
cis and trans conformations for the amide group (see Figure 8).
Use of IR and NMR.--Analysis of infrared and NMR data (21,
22) is used to identify the isomers present, the quantity of each and 
the energy difference between the isomers. The activation energy 
needed to inter-convert the forms is known as the rotational barrier.
By the use of temperature-dependent NMR techniques (22), rotational 
barriers have been estimated for many amide compounds. The barrier 
height could be calculated from the torsional frequency of the CN bond 
as obtained from IR data, but the torsion modes are not pure for 
amides (21).
The experimental results (9,22) show that free rotation about
the carbon-nitrogen bond is restricted by a barrier of approximately
7000 cm  ^ and that the favored conformation of a monosubstituted 
amide is trans. Figure 8 illustrates the energy relations between the 
cis and trans isomers. This energy may be compared to the barrier of 
23000 cm obtained for the double bond of dideuteroethylene (23) and 
to 930 cm * for the 3-fold rotational barrier of the methyl group in 
biacetyl (24). In general, the amount of the cis isomer ranges from 
0 to 10% depending on the molecule and experimental conditions (22).
Rotational barriers are larger for sulfur analogues by as 
much as 1750 cm but more usually by 700 to 1000 cm The
Figure 8 Energy barrier to rotation about C-N bond in the amide 
group. [Figure is based on information in Refs. 9, 22, 
27 and 28.]
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percentage of the cis form present increases substantially, but trans 
still predominates in the sulfur analogues. This experimental be­
havior has been attributed to the larger size of the sulfur atom and 
to increased electron delocalization (22).
Lactams.--An interesting series of cyclic compounds used in 
the study of the cis and trans conformations of the amide group is the 
lactams. For small ring sizes, the amide can be only cis. Trans forms 
become possible as the lactam ring becomes larger and are the only 
ones present for large rings. Infrared data indicates that the tran­
sition compound from cis to trans is capryllactam, the 9-member 
ring (21,25).
Chen and Swenson (25) and Hallam and Jones (21) have studied 
the fundamental NH stretching frequency of the lactam series in dilute 
CCl^ solution. The data of Chen and Swenson are plotted in Figure 9. 
and are similar to that reported by Hallam and Jones. The first group 
interpret the data to mean that rings smaller than 9 are all cis planar 
and that rings larger than 9 are all trans planar with the 9-member 
ring being a mixture of cis and trans. The doublet frequencies are 
assigned to conformations having the NH group "inside" the ring and 
"outside" the ring. For example, the cis isomer is postulated to have 
the following structures:
C = 0
"OUTSIDE"
H —;N
"INSIDE"
Figure 9 NH stretching frequencies of lactam series. [NMA is 
N-methylacetamide. Figure is based on information in 
Ref. 25. ]
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Hallam and Jones (21) present a much more detailed Interpre­
tation. For capryllactam, the two lower frequencies are assigned again 
as two cis-planar conformations. However, the higher frequency doublet 
is assigned to a skewed form estimated to involve about 30% of the 
molecules. This skewed isomer describes the carbon-nitrogen bond as 
twisted 45° from trans planar. Hallan and Jones arrive at this conclu­
sion using both space-filling and flexible-rod stereomodels. They 
assume that the stabilization energy available from the planar amide 
group is not sufficient to counteract the ring strain imposed by 
planarity. They also note that, for a strained, planar trans form of 
capryllactam, the NH stretching frequency is predicted higher in energy 
than that for the non-strained, larger-ringed lactams. A comparison of 
the frequencies for ring sizes 9 and 10 shows that the former are 
lower. The frequency of the carbonyl stretch also is in accord with 
their postulate of a twisted amide conformation.
For the 10-member ring, the single lower frequency is as­
signed by Hallam and Jones (21) to a 5% population of cis-planar mole­
cules and the doublet to trans-planar molecules. In the solid or as­
sociated state, both groups agree that the 9-meraber ring is totally 
one conformation--cis planar according to Chen and Swenson (25) and 
skewed according to Hallam and Jones (21). The latter authors have 
found the same behavior for the corresponding thio- and seleno-lactam 
series (21).
If the interpretation of Hallam and Jones (21) is correct, 
then this is the first example of a twisted amide group to have been
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recognized. The characteristics of such a non-planar amide group is 
of great importance to the theoretical view of protein conformation, 
as well as of interest concerning the polymer poly(n-butylisocyanate). 
In fact, the work that has been done on model compounds for poly­
peptides indicates the need for the inclusion of a non-planar peptide 
bond into theoretical calculations (26).
Calculations.--Semi-empirical calculational procedures in­
volving all valence electrons have been used to obtain properties re­
lating to the restricted rotation about the carbon-nitrogen bond (27, 
28). These calculations indicate that the trans-planar conformation 
is slightly more stable than cis planar in agreement with the prefer­
ence found in most amides (see Figure 8). The calculations of Yan 
et a l . (27) indicate that as the carbon-nitrogen bond is twisted, 
electron densities at the oxygen, carbon and hydrogen decrease whereas 
the electron density at the nitrogen center increases.
Photoelectron Spectra
An energy analysis of the electrons emitted from a sample 
excited by high energy radiation, e.g., the 21.22 eV resonance line of 
helium, provides the photoelectron (PE) spectrum of a molecule. This 
information represents the absorption spectrum between the electronic 
ground state of the un-ionized moleculed and its various ionized forms 
Each transition of the PE spectrum thus provides characteristics of a 
given ion, e.g., its vibrational structure, and implies certain prop­
erties of the ground state of the neutral molecule, e.g., its ioniza­
tion potential with respect to the given ion. This latter property
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is usually interpreted, with the help of Koopman's theorem, as the 
energy of the originating molecular orbital (MO) of the neutral mole­
cule relative to the zero of energy given by the ionization limit of 
the molecule. The description of the MO (a, tt, etc.) is derived from 
a consideration of theoretical calculations and of the Franck-Condon 
patterns, vibrational structure and the energy of the PE transition.
Brundle et a l . (29) have investigated the PE spectrum of 
formamide and its two N-methyl derivatives. Their analysis, as shown 
in Figure 10, indicates that the first transition originates from an 
n orbital in formamide and a tt orbital in its derivatives. These two 
orbitals are almost degenerate and both may be described as essen­
tially non-bonding.
Excited State Properties 
Absorption Properties in Condensed Phase
The absorption of amides in solution reveals two transitions
above 180 mp,. These absorption bands have been well-characterized by 
Nielson and Schellman (30) for various alkyl-substituted amides and 
by Chen and Swenson (31) for the lactam series. The sensitivity of the 
transition energy and the intensity of these absorptions to changes in 
environment and alkyl substitution reiterates the variations found for 
the ground state properties of the amide group. Tables 4 and 5 are a 
composite of data extracted from these two references.
In both amides and lactams, the weak band is always a shoul­
der and is sometimes completely obscured by a more intense absorption
Figure 10. Results of photoelectron spectra: formic acid, formarni
and its methyl derivatives. [Solid line in box repre­
sents the vertical ionization potential; broken lines 
indicate the range of energies associated with a given 
transition. Figure is based on information in Ref. 29.
E N E R G Y  (e V )
<7>
T
cn
T ~ T ~
o j
~ T
ro
~ T
FORMIC
A C ID
FORMAMIDE
N -M E T H Y L -
FORMAMIDE
N .N -D  I METHYL 
FORMAMIDE
\
\
\
\
\
N  \
II---
II
II
\
\ \
\
\
\
1 11------- _l (.. i r “ 1
1 II 1 1 1 1 1
1 11 1 1 l 1 I
1 _ J  1____ J 1— . . 1 i Js
r 1
i
I
i
1
i
_i
\ \r ii I i
i n i Ii n i i
i n i i
/
\ /
\ /
\ \
\ \ 
\ \
T
41
TABLE 4
ABSORPTION PROPERTIES OF ALIPHATIC AMIDES® AND LACTAMS**:
TT*+n TRANSITIONS0
Compound X (mu) AE 
max max_ ^  ^
(liter mole cm )
Amides: Acetamide 228 50
N-Methylacetamide 224 90
N-Ethylacetamide 227 90
N,N-Dimethylacetamide 233 110
Lactams: Ring Size - 5 227.0 83
6 233.3 69
7 233.2 78
8 232.8 98
9 233.4 107
10 229.6 113
11 227.4 104
13 226.8 106
(1967).
a
E. B. Nielsen and J. A. Schellman. J. Phvs . Chem.. 71- 2297
(1969).
bC. Y. S. Chen and C. A. Swenson, J. Phys. Chem. . 1642
CMaxima of difference spectra relative to water.
TABLE 5
ABSORPTION PROPERTIES OF ALIPHATIC AMIDES3 AND LACTAMSb : r *  «- tt TRANSITIONS
Cvclohexane Water
Compound X (mp.) e X (mu) emQ„ 
max max , , max _ _-i -i -i -i
(liter mole cm ) (liter mole cm )
Amides: Acetamide < 180 — 182 7600
N-Methylacetamide 184 5400 186 8800
N,N-Dimethylacetamide 196 6850 196 9350
N-Me thy1formamide 190 3700 - —
N,N-Dimethylformamide 199 5200 -
N-Ethylacetamide 186 6250 -
N-Butylacetamide 186 7650 188.5 8750
N,N-Diethylacetamide 202 7200 199 8650
N,N-Dipropylacetamide 202.5 7200 202 9300
Propionamide < 180 — 183 8000
Butyramide < 180 — 184 7700
Lactams: Ring Size = 5 186.0 6000 189.4 7100
6 196.1 5400 194.9 7700
7 193.8 7000 196.4 7700
8 194.7 6700 196.7 8000
9 194.4 6000 196.5 7700
10 190.3 5900 193.0 7100
11 189.5 6300 192.0 7600
13 187.8 6600 191.0 7700
E. B. Nielsen and J. A. Schellman, J. Phys. Chem. , JX, 2297 (1967).
b
C. Y. S. Chen and C. A. Swenson, J . Phvs. Chem.. 1642 (1969).
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at shorter wavelengths. To obtain the energy and intensity of maximum 
absorption of this band, an analysis of solvent shifts of the absorp­
tion band in water and cyclohexane is employed (30,31). The results 
of such difference spectra are shown in Table 4 and indicate that the 
transition is located in the region 215 to 235 mp, with extinction co­
efficients of about 70 to 100 liter mole ^cm The onset of absorp­
tion is about 250 mp,. The experimental description of the transition
*classifies it as tt m .  An explanation of the basis for orbital as­
signments in absorption and emission can be found in works by Kasha 
(32,33,34), Turro (35) and McGlynn et a l . (36).
The second, more intense band maximizes in the region 180 to 
205 mp. with extinction coefficients ranging from 4000 to 7500 liter 
mole ^cm * in cyclohexane and 7000 to 9400 liter mole ^cm ^ in water. 
Together with the general solvent shift to lower energies (red shift) 
of absorption maxima, this data describes a tt «-tt transition. The term 
solvent shift refers to the relation of absorption in a hydrogen-bond­
ing or polar solvent to absorption in a hydrocarbon solvent or gas 
phase.
Amides.--The data of Tables 4 and 5 for the simple amides
give a clear idea of the effect of alkyl substitution on the absorption
*
bands. The following generalizations are noted for the tt *-tt transi­
tion:
(i) Carbon substitutions: The substitution of hydrogen by
methyl produces a blue shift of 6 mp. for the N-methyl and 4 mp. for the 
N,N-dimethyl derivative and an increase in intensity. The substitution
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of methyl by higher alkyl substituents produces a red shift of about 
1 mp, per methylene unit.
(ii) Nitrogen substitutions: A consistent red shift is
found in going from primary to secondary to tertiary substitutions. 
Substantial, approximately equal increases in intensity are noted for 
secondary and tertiary amides relative to the primary compounds. Al­
though the effect is not as large as above, a red shift takes place 
as the size of the alkyl substituent is increased. Intensities are 
essentially the same for di-substituted acetamides but increase sub­
stantially for the mono-substituted derivatives.
(iii) Solvent shifts: Alkyl substitution at the nitrogen
ic
also has an effect on the solvent shift of the maximum at the tt «-rr 
transition. A large red shift occurs for primary amides. The red 
shift is smaller in secondary amides, and a negligible or even blue 
shift may occur in tertiary compounds. The intensity decrements for 
secondary and tertiary are essentially the same. Nielson and Shellman 
(30) conclude that the red shift is associated with hydrogen bonding 
at the nitrogen of the amide with the solvent and that hydrogen 
bonding from solvent to amide oxygen has no effect. Schellman and 
Nielson (37) have correlated the ionization potentials of alkyl-sub- 
stituted amines with the tt «-tt transition energies of substituted amides. 
From the linear relationship found, they conclude that the sensitivity 
to alkyl substitution Ls caused by the localized nature of the origi­
nating tt MO on the amide nitrogen. A similar correlation can bo 
found if one uses the tt MO energies obtained by Brand le e i a 1 . from 
PE spectra (29).
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Lactams;--The lactam series allows a comparison of the
absorption of the amide group in the cis and trans conformations.
*
The data of Table 5 concerning the tt «-tt transitions of cis lactams 
indicate that the absorption maxima occur at longer wave-lengths 
(194 to 196 mp.) than trans (188 to 190 mp,) . A comparison of the 
data in cyclohexane and water shows a red shift of 1 mp, for cis and 
3 mp, for trans and higher maximum molar absorptivities in water 
(7000 to 8000 liter mole ^cm than in cyclohexane (5400 to 7000 
liter mole *cm ^).
From the IR and UV absorptions, two ring sizes appear to 
have special significance. For butyrolactam (5-member ring), the NH 
stretching frequency is at a substantially higher energy than those 
of the other rings having the cis conformation (21,25). Also, both 
the tt «-n and tt «-tt transition energies are consistently higher than 
other cis lactams by about 6 mp. (31) as shown in Figure 11. The 
interpretation of the IR results is based on the notion that the cis 
conformation forms an intramolecular hydrogen bond, thus lowering 
the NH stretching frequency relative to the trans form. If the 
lactam ring is strained, a change of bond angle occurs between the 
carbon-oxygen and nitrogen-hydrogen bonds and weakens the hydrogen 
bond and increases the energy of the NH stretch (25) as found in 
Figure 9- This ring strain presumably brings about the blue shift 
found in the UV absorption.
The other important ring size is found for capryllactam, 
the 9-member ring. The IR analysis by Hallam and Jones (21) suggests
Figure 11. UV absorption energies of lactam series, 
based on information in Ref. 31.]
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that perhaps 30% of these molecules under unassociated conditions
exist in a twisted conformation, and Chen and Swenson (25) indicate
that there is at least a mixture of cis and trans coplanar molecules.
According to either of these interpretations, there should be some
difference in the UV absorption of capryllactam relative to the
properties of both the all cis and the all trans lactams. However,
*
the results for the TT «-rr transition in dilute cyclohexane solution 
(see Table 5) are that the intensity is approximately the same for 
all the lactams, that the bandwidth is somewhat smaller for the cis 
compounds but not unusual for capryllactam and that the position of 
maximum absorption for capryllactam is identical to that of other 
cis lactams. Lack of detection of the trans form (the Chen-Swenson 
interpretation) would not be unexpected. At most, one would detect 
a broadening to the higher energy side of the transition, even for 
an equal mixture of conformers. A skew isomer (the Hallam-Jones inter­
pretation), according to simple MO considerations, would lead to the
*
appearance of a shoulder to the red of the tt «-tt transition of the 
cis conformation. However, none appears to have been detected, and 
the band width does not seem unusual. Either the 307, skew molecules 
and/or the 45° twist is an overestimate, or the Hallam-Jones inter­
pretation is incorrect.
Mvristamide crystal.--The polarized absorption spectra of 
single crystals of myristamide, C H ^ - ( C ^ ) b y  Peterson and 
Simpson (38) indicate that the intense band is polarized in the plane 
of the molecule with the transition dipole oriented 9.1° from the
49
*
0-N line toward the C-N bond. Although they found no specific t t  ♦- n
absorption maximum, the ratio of absorption in the two spectra at
45000 cm ^ indicates that the absorption is largely in-plane. Since 
*
a tt «- n transition should be polarized out-of-plane, Peterson and
1 *
Simpson conclude there is significant vibronic mixing of the nTT and
1 * 
tttt s t a t e s .
Absorption Properties in Gas Phase
Absorption spectra of amides in the gas phase can be studied 
far into the vacuum ultraviolet region. As the transition energies 
become larger, the types of excitations that may be involved become 
more numerous and band assignments much more difficult.
Basch, Robin and Kuebler (13,39) identify five electronic 
transitions of formamaide in the gas phase and assign the first four 
transitions as shown in Table 6. Evidence for these assignments comes 
from three sources: (i) a comparison of gas- and condensed-phase
spectra, (ii) a correlation study involving acyl fluorides, carboxylic 
acids and other alkyl-substituted amides and (iii) extensive 
all-electron, SCF Gaussian-orbital calculations using both minimal and 
expanded basis sets.
Rvdberg assignments.--When a molecule is subjected to the 
external perturbations of the condensed phase, a transition with the 
substantial "big-orbit" character of a Rydberg is predicted to 
experience a large shift to higher energies and extensive broadening (40), 
i.e., the transition "disappears." This is exactly what happens for
50
TABLE 6
ELECTRONIC TRANSITIONS OF FORMAMIDE3 ’b
Identification Energy Assignment
W 45.0 kK(5.8 eV)
*
tt n
*1
54.0 kK(6.7 eV) 3g *- n Rydberg
V 1
59.0 kK(7.3 eV)
*
TT «- TT
R2
62.5 kK(7.8 eV) 3^ n Rydberg
Q 74.0 kK(9.2 eV) ?
H. Basch, M. B. Robin and N. A. Kuebler, 
J. Chem. Phvs.. 1201 (1967).
bIbid.. 5007 (1968).
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the R^ band of Table 6 as seen in the condensed-phase spectrum of 
formamide. The band had been detected earlier by Nagakura in the 
gas-phase spectra of various amides but was assigned as a transition 
intrinsic to hydrogen-bonded dimers (41). However, Basch, Robin and 
Kuebler (13) report that the band is detected in N,N-dimethylacetamide,
1-methyl pyrrolidone, and trifluoroacetylfluoride--molecules that 
cannot form hydrogen bonds. This experimental evidence prompts their 
assignment of R^ as a Rydberg transition.
Another characteristic of Rydberg transitions is the 
sharpness of the absorption bands in their spectra. In all the 
compounds in which the R^ band has been detected, it is completely 
structureless. Basch, Robin and Kuebler (13) suggest that this 
indicates that R^ is an unbound state rather than that the state 
involves a valence-shell excitation. The changeover from valence-shell 
to Rydberg excitations is not necessarily a sharp one. The fact that 
the early members of a Rydberg series never fit the series as well as 
later ones (42,43) is evidence of this behavior. The broadness of the 
transition R^ may be an indication of the mixed character of the 
excitation.
ie
Another assignment for this transition is tt *- a  as proposed
by Maria et al. (15). They base their assignment on a correlation
study of calculated MO's and experimental information for a series of
isoelectronic molecules beginning with ozone (Series B of Figure 4).
The initial step was to compare the explicit form of the MO's of three
C_ molecules--ozone, nitrite ion and formate ion--as calculated by the 
2v
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MuTH procedure (4). The three lowest transitions are predicted to
increase in energy as shown in Figure 3 of Appendix A, the rate of 
*
increase of t t  «- a being most rapid. By the formate ion, the two 
lowest transitions are expected to be quasi-degenerate. From formate 
to formic acid, the molecular symmetry changes from to Cg so that 
the tt *- (J now becomes allowed and is assigned to the band corre­
sponding to the W band. As indicated in Figure 4 of Appendix A, o MO 
is stabilized such that the energy ordering of the MO's becomes 
a < t t  < n < t t  . From the small difference in the t t  and o MO's 
indicated in the figure, one expects the three lowest excited 
configurations of formic acid to produce the following ordering of
1  ★  1  if
states: n T T  < on < ^  . The intensities of the bands--40,
1200, 7500 liter mole ^cm ^--are compatible with these designations 
and lead to the assignments indicated in Figure 5 of Appendix A, the 
experimental state-correlation diagram. The diagram does not indicate
that such an assignment also carries over to formamide in which the
* *
t t  4- n band appears at a lower energy than in formic acid. This t t  «- a
assignment is compatible with the smooth contour of the band found 
by Basch, Robin and Kuebler (13).
As indicated before, the major evidence presented by Basch, 
Robin and Kuebler (13) for their R^ assignment is that the transition 
is not detectable in condensed phases. Unfortunately, they present 
data of absorption in rather polar solvents or neat films which tend
ie *
to red-shift the intense t t  «- t t  transition and blue-shift the t t  «- n
*
and, presumably, the t t  ♦- a transitions. Under these conditions, the
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* * 
t t  «- a band could be hidden by the more intense t t  « -  t t  transition.
However, data obtained from circular dichroism studies in hydrocarbon
solvent favor the 3s«~ n Rydberg assignment (see section on Circular
Dichroism).
The band disappears in condensed phases as does R^ (13). 
However, this higher energy Rydberg state has the sharpness and 
vibrational structure usually associated with a Rydberg transition. 
This band is assigned as the first member in the Rydberg series for 
formamide having the formula:
E„ = 82566 ----109720
R2 (n - 0.639)2 , n = 3,4...
The value of the quantum defect, 6 = 0.639, indicates that the terminal
Rydberg orbital has £- character (42). The work by Brundle et a l . (29)
on the PE spectra of formamides leads to a more specific designation
for the R^ band. The initial bands of R^, with a (0,0) energy at
62162 cm \  belong to a 3 nQ Rydberg series, while the band at about
66000 cm * begins a 3 «■ tt^  Rydberg series. Assuming that R^ is also
the first member of a Rydberg series and that it converges to the
same ionization potential as R£, a quantum defect of 1.03 must be used
to calculate ED . This value of 6 is characteristic of a terminal 
*1
Rydberg orbital of £-type symmetry (42).
Correlation series.--Basch. Robin and Kuebler (13,39) also 
provide an interesting discussion of the electronic absorption spectra
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of amides, acyl fluorides, and carboxylic acids and esters, i.e., the 
isoelectronic molecules of Series A of Figure 4. A series of 
gas-phase spectra of trifluoroacetamide, trifluoroacetic acid and 
trifluoroacetyl fluoride shows that all appear to possess W, R^, V^, 
and Q bands discussed for formamide. The W, R^, and R^ bands 
are quite obviously related. The energy level diagram shown in 
Figure 12 indicates that the last three of these bands are succes­
sively red-shifted in the order -F, > -OH, > -NH^. However, the 
maximum of the W band always appears in approximately the region 
44000 to 48000 cm ^ . On the basis of this correlation series, the 
first four bands of acyl fluorides and carboxylic acids are assigned 
analogously to those of formamide (see Table 6).
*The absorption profile for the W band ( tt «- n transition) 
provides interesting comparisons. The amide band is structureless 
even in the gas phase, although a considerable amount of vibronic 
structure is apparent in HCOF, HCOOH, and CF^COOH (13). The excited 
state carbonyl stretching frequency is prominent in all molecules 
except CF^COOH. In fact, one prominent vibrational frequency in all 
the lower states of formic acid is considered to be the excited state
carbonyl stretching mode. The ground state value of 1770 cm ^ is
-1 1 * -1
reduced to 1033 cm in the nTT state, 1470 to 1500 cm in the
1  ie - 1
tttt state and 1400 to 1500 c m  in the Rydberg state R^ (13).
Some of the computational results of Basch, Robin and 
Kuebler (13) are given in Figure 13. The correlation diagram is for 
the isoelectronic series of Figure 4. The experimental data refer to
Figure 12. Energy level diagram for molecules containing
18 valence electrons. [Figure is based on information 
in Ref. 13.]
TRANSITION
Figure 13. Comparison of calculated and experimental transition 
energies of 18 valence electron molecules. [Figure 
is based on information in Refs. 13 and 19.J
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gas-phase absorption maxima of the trifluoro-derivatives. Information
for formate ion refers to solution. As indicated, the experimental
■k
energies of the tt n transitions fall approximately in the same
region for all the molecules. The calculations also indicate that
these transitions should be of the same energy. The computed 
1 *
tttt e n e r g i e s  are too high, but the o r d e r i n g  of the series m e m b e r s  is
the same as observed experimentally.
The tt electron populations resulting from the calculations (13)
are also given in Figure 13. A comparison of these values indicates
that the 3-center ^ C - X  system becomes more allylic as one progresses
from formyl fluoride to formate ion, i.e., that the non-bonding
electrons of the -X system are progressively delocalized over the
*
system. A substantial increase in intensity of the tt «- tt transition 
for the trifluoro-derivatives parallels this delocalization. The 
increase in intensity is even more dramatic when the non-alkylated 
derivatives, formic acid and formamide, are compared. The acid 
exhibits a maximal extinction coefficient of 7 500 liter mole ^cm  ^ and 
the amide 14000 liter mole ^cm Basch, Robin and Kuebler (13) also 
make the interesting observation that there is a substantial intensity 
decrease from 14000 liter mole ^cm  ^ in formamide to 6000 to 
8000 liter mole ^cm  ^ for alkylated amides. Nielson and Schellman (30) 
observe in cyclohexane solutions an increase from 3700 liter mole ^cm  ^
for N-methylformamide to 5400 liter mole ^cm  ^ for N-methylacetamide, 
but a decrease from 6950 liter mole ^"cm  ^ for N, N-dimcthylformamidc 
le 6850 liter mole e^ni ' for N, N-d Lmcthy 1 acetumi de .
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These observations re-emphasize the complex changes taking 
place in the electronic structure of amides for such "inert" changes 
as alkyl substitution. Basch, Robin and Kuebler (13) suggest that 
the drastic change in oscillator strength may indicate that the alkyl 
substitution requires a second valence-bond structure in the upper 
state, besides the usual CT structure ^ C ^ N < .
Circular Dichroism
The excited states of amide may also be investigated 
utilizing differential dispersion or absorption of right- and 
left-circularly polarized light--optical rotatory dispersion or 
circular dichroism (CD). While ordinary absorption depends on the 
properties of the electric dipole moment of the transition, the 
absorption involved in circular dichroism depends on both the electric 
dipole and the magnetic dipole moments of the transition and the 
relative orientation of these two quantities (45).
•k
A weak band in ordinary absorption, e.g., a tt «- n transition, 
may occur as a quite intense band in the circular dichroism spectrum.
For example, the absorption in water of optically active y-valerolactam
-1 1 *
shows a maximum at about 53000 cm which is interpreted as the tttt
state. No indication of a shoulder is found that could be interpreted
1 it
as the n T T  state. However, the CD spectrum in water shows a 
well-defined negative maximum (Ae = -2) at 47700 cm * which is
interpreted as the tt ♦'n band and a positive maximum (Ae - +2.8) at
-1 *52700 c m  w h i c h  a g a i n  i s  t h e  tttt b a n d  (46).
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The lactam of aminolauronic acid in acetonitrile exhibits the 
tt «- n and tt ♦- tt bands in both the absorption and CD spectra at 45200 
and 51500 cm The band assigned as the 3s4- n Rydberg (13) shows up 
in the gas phase CD as well as the vapor absorption spectrum (9,13). 
Goodman et a l . (44) found a band in the 200 to 205 mp. region of the CD 
spectrum of the lactam in cyclohexane, i.e., in condensed phases. 
However, a concentration study using IR and UV absorption showed that 
this band is due to an association of the amide. This data is 
consistent with the Rydberg assignment.
Emission Properties
Protein excited states.--Proteins and polypeptides usually 
fluoresce and phosphoresce at low temperatures under proper excitation 
conditions. It is generally conceded that emission from the peptide 
bonds that construct the backbone of the polymers, i.e., isolated 
amides, is not responsible for this protein luminescence (47,48). 
However, as the concepts of electronic excitation energy transfer were 
incorporated into the description of excited state processes in 
proteins, the possibility of the participation of peptide excited 
states was considered. The conclusion was that the peptide triplet 
state was a negligible factor in energy transfer mechanisms (47,48).
Exciton theories using the absorption properties of isolated 
amides help to explain polypeptide absorption characteristics (49,50). 
Vinogradov and Dodonova (51) present experimental results on the 
luminescence of proteins at 77°K excited in the vacuum UV energy
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region. All absorption spectra had maxima at 190 and 140 rap,, corre­
sponding to peptide absorption. However, they found that excitation 
at 160 mp, produced fluorescence and phosphorescence which must be 
ascribed to tryptophan. Fluorescence and phosphorescence excitation 
spectra below 200 mp were similar to the excitation spectra for 
aromatic residues. Above 200 mp, a maximum was noted in the region of
•k
t t  ♦- n peptide absorption. Their results may be interpreted as a
1 *
system in which excitation to the nTT state of peptide provides 
communication to tryptophan excited states via energy transfer. The 
higher excited states of peptide, however, do not communicate with 
tryptophan states.
The conclusion that the peptide triplet is not of importance 
in the excited state processes of proteins must, in part, be 
attributable to lack of information about the peptide triplet state or, 
in general, about the triplet state of the amide group. The location 
of the energy of the amide triplet relative to other chromophores 
(e.g., tryptophan, tyrosine, phenylalanine) is of prime importance. A 
low-lying triplet state would necessarily be involved in a discussion 
of energy transfer mechanisms.
Emission of amide group.--A listing of reported emissions 
attributed to the amide group and related compounds is given in 
Appendix A (15). The only reference which deals with simple amides is 
the work of Kallman (52). The others concern amide-containing 
compounds (urea, a substituted carbamate and an imide) and compounds 
containing groups isoelectronic to amides (formates and acetates, 
phenyl carboxylic acids, aliphatic amino acids).
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Of first importance is the emissivity of the sample amides.
Maria et a l . (15) conclude that Kallman's work was probably
impurity-conditioned because excitation at 365.0 mp. is not into the
absorption bands of any known protein substituent. Longworth (53)
presents a more detailed explanation of Kallman's work. He introduces
experimental information suggesting that emissive photoproducts could
account for at least some of the luminescence observed by Kallman.
Dearman, Lang and Neely (54) in a study of energy transfer in a film
of Nylon 66 containing proflavin detected an absorption at 295 mp, that
gives rise to a weak, long-lived emission at 400 mp,. They conclude
that the simplest interpretation is that the absorption and the emission
must be associated with an impurity species. This is substantiated by
the observation that prolonged UV irradiation increases the absorption
in the 295 mp region. However, they also consider that, via energy
transfer from the impurity, the triplet state of the amide group
located in the backbone of the polymer could be the emissive state.
Their first objection to this possibility is that the singlet-triplet
1 *
splitting would be quite large--25 kK— based on tttt energy of 
N,N-dimethylformamide. Their second objection is that they could not 
detect phosphorescence at 77°K for the following simple amides:
N,N-diethylacetamide; N,N-di-tert-butylpropionamide; N-ethylacetamide 
and N-propylpropionamide.
These experimental results of Dearman, Lang and Neely (54) 
were essentially lost because they were not included in any abstracting 
services. Being unaware of this work, the author undertook a systematic
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investigation of the emissive properties of the simple amides and 
related compounds listed in Table 7.
The following experimental criteria were chosen to validate 
the presence of an intrinsic molecular phosphorescence:
(i) The intensity of the luminescence must be significantly 
greater than background emission (at least twice as great).
(ii) The emission spectrum must be independent of excitation 
wavelength.
(iii) The emission spectrum of a given molecule must not 
change with method of preparation and/or purification and/or source of 
the compound.
Within the given experimental conditions, all the compounds 
investigated can be classified as non-emissive or weakly emissive 
(within five times background emission). Those which are emissive 
exhibit an excitation-wavelength dependence in the luminescence spectra. 
In most cases, a red shift of the emission maximum from 20 to 30 mp, was 
noted in the general range of 400 to 450 mp, for a change excitation 
wavelength from 250 to 300 mp (see Table 7).
Significantly, both chloro- and thioacetamide are 
non-emissive. Both of these compounds have significant absorption 
above 250 mp, leaving no doubt that sufficient singlet populations are 
produced, and both provide an internal spin-orbit coupling 
perturbation which is assumed to increase the probability of a T^~ Sq 
process.
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TABLE 7
PHOSPHORESCENCE OF ISOLATED AMIDES AND RELATED COMPOUNDS3
Molecule Results
Acetamide No emission
N-Methylacetamide Very weak emission; very dependent 
on excitation wavelength
N, N-Dimethylacetamide No emission
2-Chloroacetamide No emission; dissociates in solution
Thioacetamide Freshly prepared solutions show no 
emission; decomposes in solid and in 
solution
e-Caprolactam No emission
2,5-Diketopiperazine No emission
Alanine anhydride No emission
Urea Very weak emission; very dependent 
on excitation wavelength
Thiourea Very weak emission; very dependent 
on excitation wavelength
Biuret Very weak emission; very dependent 
on excitation wavelength
N,N-Dimethylglycine, ethyl ester No emission; decomposes upon 
irradiation
Lead glycinate Very weak emission; very dependent 
on excitation wavelength
A o
In clear glasses at 77 K.
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Several of the compounds were also studied in water solutions. 
Such systems are opaque, polycrystalline masses at 77°K and probably 
contain solute microcrystals. In general, all such samples exhibited 
definite luminescences which were very weak and extremely dependent on 
exciting wavelength. However, in the case of e-caprolactam, the 
emission spectrum of the long-lived luminescence ( t ~  1 sec) was 
essentially independent of exciting wavelength and relatively intense. 
Since e-caprolactam in true glassy solutions at 77°K does not emit 
even at very high concentrations (~ 1.0 mole liter ^), it is probable 
that this latter emission is not due to any molecular phosphorescence 
process in e-caprolactam itself. The frozen-water luminescence is 
assumed to originate from some photochemically-derived species or 
from an undetermined solid-state defect.
The conclusions from this study thus agree with the results 
of Dearman, Lang and Neely (54). The weak emissions that are observed 
must be attributed to impurities arising from sample decomposition or 
from tenacious contaminants in the commercial samples because of the 
observed excitation wavelength-dependence and total non-emissivity of 
closely related compounds. For example, acetamide and dimethyl- 
acetamide are non-emissive while N-methylacetamide is weakly emissive 
despite elaborate purification procedures. Also, the large 
singlet-triplet split needed to account for the emission favor the 
impurity explanation. These results indicate that the direct 
ubscrvation of the triplet state of the amide group is very difficult.
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Emission of amide-related compounds.--In Table 7 are the 
results for compounds which have previously been reported to emit (15). 
While the ureas and biuret do emit, the emission is wavelength-dependent 
and of long decay time. The reported emission of urea (55) has a short 
decay time. The two aliphatic amino acids studied are either 
non-emissive or excitation-wavelength dependent. The emissions of 
aliphatic amino acids reported by Douzou (56) were also quite 
excitation-wavelength dependent. In the light of the data for the 
isolated amides, these reported emissions for urea and aliphatic amino 
acids should be considered suspect.
Carboxylic acids and esters are isoelectronic with the amide 
group and, as shown by Basch, Robin and Kuebler (13), possess a singlet 
manifold of states quite analogous to similarly structured amides 
(see Figure 3). Although the experimental results of simple amides 
indicate non-emissivity, Johnson, Maria and McGlynn (57) present an 
impressive list of simple carboxylic acids, esters and acid-salts that 
exhibit long lifetime, weak emissions in the region of 400 mq,. These 
emissions are not excitation-wavelength dependent and changes in 
lifetime and emission maxima are consistent with corresponding changes 
in spin-orbit coupling constants and alkyl or heavy-atom substitutions.
Johnson, Maria and McGlynn (57) use this data to assign the
3 *
lowest triplet state of the carboxylic acid group as tttt with an 
energy of about 25 kK. A major objection to such an interpretation 
must be made by considering the singlet-tripI el (S-T) split implied by 
the assignment. In the case of the amide group, Dearman, Lang and 
Neely (54) estimated an S-T split of 25 kK for an emission occurring
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in the same 400 mp, region. For carboxylic acids, this energy gap must
1 *
be increased even more since the acid tttt state is approximately 8 kK
greater than a corresponding amide. This energy difference of 30 kK
(or perhaps more nearly 35 kK) indicates that the emission is not
intrinsic to that configuration of the carboxylic acid group which is
responsible for the absorption or that the emission is from a very
closely related decomposition or reaction product, i.e., an impurity.
Johnson, Maria and McGlynn (57) address this question of the
large singlet-triplet split implied by the emission. In fact, their
estimate is about 5 eV or 40 kK. They note that the splitting accords
with computations, but realize these calculated energies are always
too large. However, they "emphasize that all computations predict a
13 1
considerable change of geometry between ’ r ^ *  and states."
Assuming this geometry change, they have rationalized the large Stokes
shift between the emission spectrum and the excitation spectrum, the
latter having been assumed to be a singlet-triplet absorption "to the
low-energy edge of the process".
Twisting would appear to be the only way to decrease the
singlet-triplet split for the emitting acid. As the hydroxyl-carbonyl
1 *bond is twisted, the tttt state is expected to decrease in intensity 
and shift to lower energies (28). However, the essentially non-bonding 
character of the highest filled MO of formic acid indicated in its PE 
spectrum (29) would indicate that twisting in the excited state 
probably would be as unfavorable as it is in the ground state. Thus, 
from an empirically-oriented view, emission from a triplet state of
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considerably different geometry from the planar ground state appears 
unlikely. The conclusion must be that the acid emission reflects an 
exceedingly large singlet-triplet split or that an emissive impurity 
very closely related to carboxylic acids is present.
It is obvious that direct experimental approach to the amide 
triplet state is unfruitful and that, even in the case of the acids 
which exhibit an emission, too many assumptions are envoked to make 
any assignments of really believable.
Indirect Evidence for the Amide Triplet State
Irradiation Studies.--Indirect experimental evidence
provides an estimate for the triplet energy of the amide group and is
available in studies of the decomposition of peptides under UV and
Vradiolysis (58,59). The UV irradiation studies were initiated in
1937 by Rideal and Mitchell (60) and were later confirmed by
Carpenter (62) in 1940; they concern the photolysis of solid films of
stearic anilide, C ^ H ^ C O N H C ^ H y  excited at 2537 X to produce stearic
acid and aniline. The molecules C. _HocC0NHCHoC/:Hr and
1/ Jj Z o o
C.-,HocCGNH(CHL) 0C,H,. also produced products which are related to H  J5 2 2 o 5
cleavage at the carbon-nitrogen bond.
More definitive results are provided by McLaren (58) for 
the compounds C£H^-(CH2)n”C0NH-CH(CH.j)C00H. Table 8 contains the 
quantum efficiencies ($) of alanine production for water solutions of 
the compounds excited at 2537 8. Although the large value of $ makes 
phenylbutyrylalanine unique, the important point is that the quantum 
yields of the other compounds of the table are comparable. Thus, the
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TABLE 8
QUANTUM EFFICIENCIES OF ALANINE PRODUCTION3
Compound $ X 103
e254in-l -1 
(liter mole cm )
Acetylalanine 5 0.2
Benzoylalanine 3 3000
Phenylacetylalanine 4 142
Phenylpropionylalanine 4 163
Phenylbutyrylalanine 55 197
Phenylvalerylalanine 3 218
£
A. D. McLaren and D. Shugar, "Photochemistry of 
Proteins and Nucleic Acids," Pergamon Press, New York, N.Y. 
(1964), p. 95.
71
quantum yield is the same for the excitation of peptide chromophore 
(as in acetylalanine) as for excitation of the phenyl ring.
If the aromatic part absorbs the energy, it is immediately 
degraded to 37.85 kK (2642 X) via internal convernsion to the (0,0) 
level of the singlet state of benzene or to 29.5 kK (3390 %) following 
intersystem crossing to the benzene triplet state. At this point, 
energy transfer to the peptide triplet state from the singlet or 
triplet state of benzene might be postulated. The fact that direct 
excitation of peptide produces the same order-of-magnitude quantum 
yield as the presumed energy transfer would indicate a reasonable 
intersystem crossing in the amide group.
Rodgers, Sokol and Garrison (59) have studied the radiolytic 
cleavage of simple peptides, including acetylalanine, in concentrated 
aqueous solutions. Instead of free radical intermediates produced by 
reaction of e (aq), OH, and H with the peptides as found in dilute 
solution, the deactivation of low-energy electrons to produce 
electronically excited states of the peptide is proposed. These 
excited entities then react to form free radicals:
(i) e" + RC0NHCHR2 - RCONHCHR,,* + e"
(ii) r c o n h c h r 2* + r c o n h c h r 2 -  r c o n h Cr 2 + r c o n h 2 + Ch r 2
As evidence for this mechanism, the authors present a series of aromatic 
molecules that either inhibit product formation or have no effect.
Based on the assumption that the aromatics quench the triplet state
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energy via energy transfer, a correlation of the triplet state energies 
of the aromatics indicates a triplet energy of 27.2 kK to 28.5 kK for 
the amide group of simple peptides such as acetylalanine.
As a note added in proof for the proposal of Rogers, Sokol
and Garrison (59), information from electron-impact phenomena (62) 
indicates that energy transfer from low-energy electrons to a given 
molecule, i.e., absorption of kinetic energy from electrons by mole­
cules, is not governed by the same selection rules found in ordinary UV
absorption. For example, a singlet-triplet transition may have 
exceedingly small oscillator strength in UV absorption, but an 
appreciable absorption intensity in an electron-impact absorption 
spectrum.
The results of the y-radiolysis experiments indicate that
triplet-triplet energy transfer may very well be involved. This in
turn could explain the unusual quantum yield of phenylbutyrylalanine
[C,Hc-(CH0)o-C0NH-CHo-C00H] shown in Table 8. Triplet-triplet energy O j Z J z
transfer is usually collisional in nature (35). The butyryl derivative 
can be shown to form a 6-member ring in which the phenyl group is in 
close proximity to the amide unit thereby facilitating energy transfer. 
From this point of view, the other molecules of the series are much 
less efficient in transferring excitation energy. The comparable 
quantum yield for acetylalanine and the other compounds should now be 
interpreted as indicating an efficiency of intersystem crossing in 
the amide group of the same order as the efficiency of energy transfer 
from the phenyl ring to the amide group in the aromatic derivatives.
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Composite-Molecule Calculation.--A highly empiricized
composite-molecule calculation has been provided based on the assumption
3 *that the lowest triplet of carboxyl is tttt . Maria and McGlynn (63)
conclude from an analysis of experimental data on a series of
3
phenylcarboxylic acids that this tttt state of the carboxyl group is 
at 29.7 kK and has a lifetime of 4 sec. The estimation of these 
quantities involves the solution of the interaction matrix
Ep-E
V E
- 0,
where E, Ep and E^ are the respective triplet state energies of the 
composite molecule, the phenyl group and the carboxyl group and 6 is 
the matrix element of the perturbation incurred by bonding between P 
and Q.
A more detailed account of the solution of this matrix will 
be given here than is found in the original reference. The solutions
of the matrix are E^ = Ep - X and - E^ + X where X is given by
2 2 
X + (Eq  - Ep) X - 6 = 0 .  To solve for the triplet state energy of
the carboxyl group E^, two sets of data are needed. Benzoic acid and
phenylacetic acid provide this information. The value of X is an
experimental quantity and is the difference of the triplet energies of
the phenyl ring (benzene or toluene) and the composite molecule. These
experimental quantities give X - 29.5 kK - 27.7 kK - 1.8 kK for benzoic
acid and X = 0.2 kK for phenylacetic acid.
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What is now needed is a relative expression for 6. The
assumption is made that the interaction matrix element is proportional
to the overlap integral S „  between the bonding carbon on the phenyl
ring and the carbon atom of the carboxyl group. An MWH calculation (4)
was made for benzoic acid, and the appropriate overlap integral was
selected from the various S. . which were calculated. However, for
ij
phenylacetic acid, the value of S.^ for the acid carbon and the aromatic 
carbon adjacent to the bonding carbon was chosen from the benzoic acid 
calculation. These values give a relative value of 6 as 
5(phenylacetic acid)/6(benzoic acid) - 0.15. Two simultaneous equations 
that are now possible give solutions of (E^ - E^) - 0.21 and 6 - -1.9 kK. 
Thus, the triplet state of the carboxyl group is at an energy of 29.7 kK.
The validity of the use of the overlap integral from benzoic 
acid for phenylacetic acid might well be questioned considering the 
difference in bond lengths in the two compounds and the sensitivity of 
overlap integrals to distance. Although the bond distances in benzoic 
acid are shorter than in phenylacetic acid (64), the bond angle is 
larger so that the appropriate distances in both cases are 
approximately the same: 2.48 X for benzoic acid and 2.55 % for
phenylacetic acid.
This difference could still affect the ratio depending on 
the sensitivity of the overlap integral. Instead of considering this 
however, the sensitivity of the triplet energy of the carboxyl group 
to changes in iho ratio of interaction inaLrix elements will be 
investigated. Figure 14 presents this dependence. As indicaLed, only
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phenylacetic acid, the value of for the acid carbon and the aromatic 
carbon adjacent to the bonding carbon was chosen from the benzoic acid 
calculation. These values give a relative value of 6 as 
6(phenylacetic acid)/ 6(benzoic acid) = 0.15. Two simultaneous equations 
that are now possible give solutions of (E^ - Ep) - 0.21 and 6 = -1.9 kK. 
Thus, the triplet state of the carboxyl group is at an energy of 29.7 kK.
The validity of the use of the overlap integral from benzoic 
acid for phenylacetic acid might well be questioned considering the 
difference in bond lengths in the two compounds and the sensitivity of 
overlap integrals to distance. Although the bond distances in benzoic 
acid are shorter than in phenylacetic acid (64), the bond angle is 
larger so that the appropriate distances in both cases are 
approximately the same: 2.48 X for benzoic acid and 2.55 X for
phenylacetic acid.
This difference could still affect the ratio depending on 
the sensitivity of the overlap integral. Instead of considering this 
however, the sensitivity of the triplet energy of the carboxyl group 
to changes in the ratio of interaction matrix elements will be 
investigated. Figure 14 presents this dependence. As indicated, only
Figure 14. Sensitivity of triplet energy of carboxyl group to 
variations in the relative value of 6.
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3 *
values between certain limits need be considered. The rm energy of
benzene is considered a lower limit because the experimental data is
assumed to indicate that the lower triplet energy of benzoic acid is
due to interaction of the phenyl and carboxyl triplet states. The
•k
onset of absorption of the formic acid rr *- n transition is an upper
limit because the Johnson, Maria and McGlynn (57) work indicates a 
3 *
tttt state for carboxyl as lowest triplet. It is evident that E^ is 
rather insensitive to the ratio 6(phenylaacetic acid)/6(benzoic acid). 
For example, an increase from 0.15 to 0.2, a 30% increase, only brings 
an increase from 29.7 kK to 30.2 kK, a 1.7% increase. However, the 
increase in begins to rise more rapidly after that.
The assumptions used in the mechanics of solving the 
interaction matrix are appropriate. On the other hand, the basic 
assumption of the formulation is too drastic. In essence, the 
interaction action matrix implies that the only factor that determines
the energy of the benzoic acid triplet state is the interaction of the
*
tttt triplet states of the carboxyl and aromatic moieties. The fact 
that the triplet state of benzoic acid is lower in energy than benzene 
must therefore indicate that the carboxyl triplet necessarily is 
higher in energy than benzene. This condition, plus the relative 
insensitivity of the calculated triplet energy of the carboxyl group 
to variations in S „ ,  predetermines a triplet state slightly higher in 
energy than benzene.
CHAPTER III
SELF-INTERACTION AMIDES: OXAMIDES
AND THIOOXAMIDES
The structure of oxamide is (-C-lfi^^* Any alkyl-substituted 
derivative of this molecule will be termed an oxamide; the sulfur 
analogue will be termed a thiooxamide. As indicated in Chapter I, the 
N-substituents determine the conformation of oxamides about the 
carbon-carbon bond.
Oxamides
Basic Physical Properties
The melting points and solubilities of oxamides depend on 
the degree of substitution at the amino groups. The simplest of the 
oxamides, oxamide itself, decomposes at its melting point near 419°C 
and is very slightly soluble in water. The N,N'-dialkyl derivatives 
of oxamide visibly sublime near their rather high melting points 
(m.p. ~  150°C) and are somewhat soluble in strongly polar solvents. 
Tetraalkyl derivatives are still solids (m.p. 50°C) but are 
hygroscopic, especially tetraethyloxamide. Compared to the other 
oxamides, these compounds have substantial solubilities in nonpolar 
solvents. The cyclic oxamide 2,3-diketopiperazine is even less 
soluble in water than oxamide. However, its alkyl-substituted 
derivative (5,5-dimethyl-l-isopropyl-2,3-diketopiperazine) has
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solubilities comparable to the tetraalkyl derivatives but decomposes at 
elevated temperatures (100 to 120°C).
Structure and Conformation
Oxamide is the only member of the class of oxamides for which 
a structural determination has been reported. Structural information 
for the other oxamides must be inferred from NMR, infrared, Raman or 
electronic absorption data. Estimations of the range of allowed 
conformations may also be obtained from molecular models. Romare (65) 
and Ayerst and Duke (66) carried out X-ray diffraction studies of 
oxamide, the results of which are given in Figure 15. The molecules 
are found to crystallize as sheets in which each oxamide participates 
in eight hydrogen-bonds. Each unit cell is found to contain one 
molecule which has C^  point group symmetry. This trans planar 
structure will be assumed to apply also for dialkyl-substituted, acyclic 
oxamides.
For the tetraalkyl derivatives, one has to rely on NMR 
studies for structural information. Siddall and Good (21,68) conclude 
that such molecules are twisted substantially about the central 
carbon-carbon bond. A conformation located at a potential energy 
minimum corresponding to a dihedral angle between 90° and 145° is 
postulated by a consideration of molecular models. Siddall and Good 
estimate the barrier of rotation to be about 10 kcal/mole. This value 
is about half that found for rotation about the carbon-nitrogen bond 
of amides.
Figure 15. Crystal structure of oxamide. [Dashed lines indicate 
hydrogen bonds. Figure is adapted from diagram in 
Ref. 66.]
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IR and Raman Absorption
To date, IR and Raman studies on oxamides have been 
accomplished only for the solid state. Durig, Brown and Hannum (68) 
provide a complete assignment of the 24 fundamental vibrational modes 
and the external lattice modes of crystalline oxamide (^2^)• Table 9 
presents the assignments of oxamide and oxamide-d^ and the approximate 
description of the vibrations. Infrared data also is available for 
N,N'-dimethyloxamide and N,N'-di-n-propyloxamide (12,69). The IR 
data of Table 10 indicates that the carbonyl stretching frequency 
remains almost constant for the disubstituted compounds. The NH 
stretching frequency decreases by about 73 cm \  and the CN stretch 
is shifted to higher energies by 30 cm For tetramethyloxamide, the 
carbonyl stretch is again essentially unchanged, but both the other 
frequencies are missing. The loss of the NH stretch is obvious since 
no such vibration can occur in the tetramethyl derivative. Miyazawa 
et a l . (12) indicate that the NH stretch is actually a mixed 
vibration being produced by strong coupling between the NH in-plane 
bending and CN stretching modes. The nonexistence of the NH structural 
unit means the CN stretch is unperturbed in the tetraalkyl derivative. 
However, the frequency shift relative to the disubstituted compounds 
locates the CN stretch in a region of the spectrum where it is 
difficult to make an identification. The authors also indicate that 
the CN stretching frequency in cis amide compounds,
i.e., 2,5-diketopiperazine, is different from trans compounds because 
the cis conformation does not allow strong coupling with the NH bending
TABLE 9 83
ASSIGNMENT OF FUNDAMENTAL VIBRATIONAL MODES OF OXAMIDE
IN THE SOLID STATE9
Symmetry Vibration Approximate
Description
Frequency ( 
Raman
"lvcm ) 
Infrared
V1 N-H
stretch 3385
v2
N-H stretch 3153
V3
C=0 stretch 1700
a
g V4
n h 2 scissors 1596
v5
C-N stretch 1491
V6
n h 2 rock 1105
V7
C-C stretch 831
V8 OCN
bend 536
V9 OCN
rock —
vio
n h 2 wag 792
a
u V11
n h 2 torsion 678
V12
OCN out-of-plane bend 471
V13
OCN torsion 165
V14
n h 2 wag 806
b
g V15
n h 2 torsion 627
V16
OCN out-of-plane bend 454
V17
N-H stretch 3363
V18
N-H stretch 3185
V19
0 0 stretch 1656
b
u V20
n h 2 scissors 1608
V21
C-N stretch 1348
V2 2
n h 2 stretch 1103
V23
OCN bend 629
V24
OCN rock 337
3J. R. Durig,, S. C. Brown and S. E. Hannum, Mo l . Crystals
and Liq. Crystals. 129 (1971)
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TABLE 10
CHANGES IN IR STRETCHING FREQUENCIES
Compound
Frequency (cm ^)
v ^ ( N H  Stretch) V19^C0 stretch) V21^GN stretc^)
Oxamide3 3363 1658 1345
Oxamide-d.
4
2564 1647 1374
N, N 1 -Dimethyloxaraide^ 3290 1656 1532
N , N '-Dimethyloxaraide-d^k 2450 1650 1550
c
Tetramethyloxamide -- 1660 --
J. R. Durig, S. C. Brown and S. E. Hannum, Mo l . Crystals 
and Liq. Crystals, 129 (1971).
^T. Miyazawa, T. Shimanouchi and S. Mizushima, J. Chem. 
Phys.. ^°8 (1956).
CThis work.
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mode. As shown in the Introduction, the vibrational frequencies of 
oxamides are very similar to those of isolated amides.
Ultraviolet Absorption
The only absorption data for oxamides available in the 
literature concerns the tetraalkyl derivatives in cyclohexane (7 0 ). 
However, the reported absorption is not reproducible in the region 
below 200 mp. The information presented in this section characterizes 
oxamide absorption properties.
The seven oxamides studied represent conformations of trans 
planar (oxamide; N,N'-dimethyloxamide and N,N'-di-n-propyloxaraide), 
severely twisted (tetramethyl and tertraethyloxamide) and cis planar 
(2,3-diketopiperazine and 5,5-dimethy1-1-isopropyl-2,3-diketopiperazine). 
The experimental bases for these descriptions are the planarity of 
oxamide in solid (65,66), the NMR data for tetraalkyl derivatives (21,68) 
and molecular model studies.
Oxamides exhibit at letst two absorption bands at wavelengths 
above 180 mp: a weak band located in the region 310 to 240 rap and a
much more intense band located in the region 250 to 180 mp. A 
composite of the UV spectra of oxamides in water, the only common 
solvent for all the compounds, is presented in Figure 16. The weak 
band is smooth and well-defined for oxamide. For most of the other 
derivatives, the transition appears as a shoulder. The transition is 
not detectable for the substituted diketopiperazine and the tetraalkyl 
oxamides. Apparently, the weak band for the tetraalkyl derivatives
Figure 16. Oxamide absorption in water solutions.
[l. Oxamide
2. N,N1-Dimethyloxamide
3. N , N '-Di-n-propyloxamide
4. 2,3-Diketopiperazine
5. 5,5-Dimethyl-l-isopropyl-2,3-diketopiperaz
6 . Tetraethyloxamide]
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is shifted to higher energies relative to the other oxamides as 
indicated by the position of its onset of absorption ( ~  280 mp,) .
The intense transition is generally unstructured except for 
the substituted diketopiperazine and tetraalkyl derivatives. An 
examination of Figure 16 shows that this band is very sensitive to 
N-alkyl substitution relative to both energy and intensity. In the 
diketopiperazines, a region of absorption of intermediate intensity 
appears as a shoulder to the more intense band.
Environment is of importance in discussing excited state 
properties such as energy, intensity, vibrational patterns and band 
shapes. When the oxamides are studied in less polar environments, 
the weak transition becomes better defined and vibrational structure 
begins to develop. However, this band is still not apparent in the 
substituted diketopiperazine or the tetraethyl oxamide. Instead, the 
onset of absorption blue-shifts in the former compound and red-shifts 
in the latter.
N,N.'“Di-n-propyloxamide has^sufficient solubility, vapor 
pressure and stability to allow the study of the weak absorption 
region in a wide range of environments. The spectra in Figure 17 are 
arranged to allow a comparison of the band in the vapor at elevated 
temperatures (~ 125°C), in solutions of increasing polarity at room 
temperature and in the crystal at room temperature, 77°K and 4.2°K. 
Table 11 contains the energies and energy differences of the main 
bands resolved in the different environments. The four bands of the 
heptane spectrum may be correlated to the five bands of the 77°K
Figure 17. tt «- n absorption of N,N'-di-n-propyloxamide in various 
environments.
[1. Vapor, ~  125°C
2. Heptane, R.T.
3. Acetonitrile, R.T.
4. Ethanol, R.T.
5. Crystal, R.T.
6 . Crystal, 77°K
7. Crystal, 4.2°k ]
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TABLE 11
VIBRATIONAL STRUCTURE OF N, N 1 -Dl-n-PROPYLOXAMIDE 
IN VARIOUS ENVIRONMENTS
Environment Temp. \(m|J.) Frequency 
(cm )
Frequency
Differences
(cm L)
Ethanol ~  23°C 277a 36100
Acetonitrile 23°C 29 5a 33900
1560
282a 35460
1040
274 36500
Vapor ~  125°C 296.5a 33780 1430
284 35210
1020
276 36230
1580
264.53 37810
Heptane ~  23°C 295.6a 33830
1260
285 35090 1140
276 36230
1290
266.58 37520
Crystal ~  23°C 290a 34480 1690
276.5 36170
1210
267.5 37380
Crystal 77°K 289.3 34566
497
285.2 35063
1380
274.4 36443 1350
264.6 37793
1577
254 39370
Shoulder.
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crystal spectrum if the first two crystal bands are both considered as 
the first heptane band. Thus, a blue shift of the first band occurs 
as the environment is changed from non-perburbing (isolated molecules 
in the vapor) to strongly perturbing (hydrogen-bonded molecules in 
the crystal). Figure 17 also provides interesting comparisons of 
vibrational structure: (i) structure decreases from vapor and
hydrocarbon solvent to polar and hydrogen-bonding solvents, (ii) the 
spectrum in hydrocarbon solvent is more structured than the vapor 
spectrum, (iii) the R.T. crystal spectrum is more structured than the 
ethanol or even the acetonitrile spectrum and (iv) the low-temperature 
spectra show dramatic increases in vibrational structure.
The blue shift of the band and the loss of structure in polar 
*
solvents is typical of t t  ♦- n transitions. The increased structure 
and different Franck-Condon pattern of the spectrum in heptane (R.T.) 
relative to that in the vapor ( ~  100°C) is most probably a temperature 
effect on the vapor spectrum which smears out structure by the 
activation of more vibrational modes or populates a larger range of 
conformational isomers or a combination of these two effects. The fact 
that the R.T. crystal spectrum is more resolved than ethanol or water 
can be rationalized since no rotational or translational degrees of 
freedom are now possible and no re-ordering of local environment is 
possible in the crystal. As the temperature is lowered, then 
vibrational modes are also eliminated.
Beginning at a (0,0) energy of 34600 cm  ^ the 77°K spectrum 
may be analyzed as one transition with a main progression of 1310 cm
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Two other progressions in approximately the same energy initiate at 
(0,0) + 488 cm  ^ and (0,0) + 920 cm The 1300 cm ^ frequency is 
undoubtedly the excited state value of the symmetric carbonyl stretch 
found at 1700 cm * in the Raman spectrum of oxamide (6 8 ).
As shown in Figure 18, partial analysis of the 4.2°K 
spectrum can be made involving at least two close-lying states. This 
conclusion is based on (i) the appearance of the two very sharp, 
intense bands of region II in regions III and IV but not in region I 
and (ii) the appearance of two sharp bands at higher energies relative 
to the other sharp bands in regions III and IV. The new peaks in 
regions III and IV appear to represent a different transition from 
the one involving region II. Whether this transition originates with 
region I or III will have to be decided by a complete vibrational 
analysis. Polarized absorption spectra should help such an analysis 
and resolve the question of one or two transitions in the region since 
one transition should be allowed and the other forbidden.
Table 12 includes energy and intensity data for the maxima 
of the two transitions for the various oxamides. All the weak 
transitions detectable have extinction coefficients of about 
100 liter mole ^cm  ^ or less. The intensity of the transition, its 
shift to higher energies in solvents of increased polarity and the 
appearance of the carbonyl stretch in the vibrational structure of the
•jKp
band identify the absorption as a tt ♦- n transition. The extinction
4 - 1 - 1
coefficient of ~  10 liter mole cm for the higher energy band is
v e r y  i n d i c a t i v e  o f  a  TT «- rt t r a n s i t i o n ,  a s  a r e  t h e  s o l v e n t  r e d - s h i f t s
of the absorption maxima for the dialkyl and cyclic derivatives.
Figure 18. Partial analysis of 4.2°K spectrum of N,N'-di-ji-propyloxamide in the crystal.
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TABLE 12
ABSORPTION PROPERTIES OF OXAMIDES
Compound
Oxamide
N,N'-Dimethyloxamide
N,N 1-Di-n-propyloxamide
2, 3-Diketopiperazine*5
Weak Band Strong Band
Solvent
\ (mu.) e X (mu.) e
max max_^ _ ^ max max  ^ ^
(liter mole cm ) (liter mole cm )
Water 272 90 200 9150
Water
Acetonitrile
Vapor
Water
Ethanol
Acetonitrile
Vapor
Water
270
272
280a
294£
270 
273 
275 
280a 
29 5a
270
a
81
84
81
37
140
95
77
75
35
- 10
211
208
203
215
213
212
205
210
9800
12500
13000
10500
10600
6500
v£>
O '
TABLE 12--Continued
Compound
Subst'd Diketopiperazine
Tetraethyloxamide
Weak Band Strong Band
Solvent
X (mu,) 
max
e
“ M  -1
(liter mole cm )
X (mu) 
max
e
max_l
(liter mole
Water Onset of absorption: 2153 9500
309 .5 222 10300
233a 7600
240a 4500
Acetonitrile Onset of absorption: 2173 8300
302 ~  5 223 8600
232a 6400
240a 3600
Water Onset of absorption: 202 13900
276 ~  5 220a 8400
Acetonitrile — — 204 --
Heptane Onset of absorption: 209 11200
295 ~  5 2163 10100
Cyclohexane — -- 210 9700
219a --
Vapor -- 212 --
-1, cm )
TABLE 12— Continued
Compound Solvent
Weak Band
X (mu.) e 
max max_^
(liter mole cm )
Strong Band
X (mp) e 
max max_^
(liter mole cm )
Tetramethyloxamide Water
Cyclohexane
Onset of absorption: 
280 ~  5
197.5 13500
207.5
Shoulder.
Band in Region 285 to 250 mp. for subst'd. piperazine with e ~  1500 and 270 to 245 mp 
for diketopiperazine with e ~  800.
vO
o o
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The blue shift for the tetraalkyl oxamides does not call for a
different characterization of the transition, but rather indicates an
*
exception to the usual solvent behavior expected for tt «- tt transitions. 
A similar behavior is noted for N,N-dialkyl amides as discussed in 
Chapter II.
At this point, the transition of intermediate intensity
in the region 270 to 245 rap. for the diketopiperazines
(e = 700 to 1500 liter mole ^cra *) is difficult to characterize.
Solvent shifts are difficult to detect, and the intensity is that
expected for either a ct «- n or n<-rr transition. However, the red
shift noted for the onset of absorption for the substituted
*
diketopiperazine is consistent with a tt *- tt transition.
Emission Properties
No information is available in the literature on the 
emissive properties of oxamides.
At 77°K, oxamides exhibit a weak, short-lived emission upon 
excitation into the first absorption band. The emission from the 
dipropyl derivative appears to be slightly more intense than that of 
either N,N'-dimethyloxamide or the substituted diketopiperazine. The 
tetraalkyl derivatives are non-eraissive under the most sensitive 
conditions of detection. The trans oxamides have a structured 
emission with a maximum at 380 mp, while the substituted 
diketopiperazine exhibits an unstructured emission which is red-shifted 
to about 420 mp. Decay times for all emissions are approximately
100
0.01 sec. Table 13 summarizes the experimental information for the 
emission detected from oxamides.
The vibrational structure of emission from the trans 
oxamides is not well-resolved. The four bands evident in the emission 
from N,N'-di-n-propyloxamide as shown in Figure 19 may be accounted 
for by a progression in 1600 cm This frequency is to be compared 
to the ground state carbonyl stretching frequency of 1700 cm  ^ which 
is found in the Raman spectrum of crystal oxamide. As shown previously 
in Table 10, the IR frequencies for the antisymmetric carbonyl stretch 
do not change appreciably in going from oxamide to N,N'-dimethyloxamide.
Another vibrational frequency of comparable magnitude is 
the CN symmetric stretch. For oxamide, the frequency is 1491 cm \
The value of the antisymmetric CN stretch detectable in the IR 
increases from 1348 cm ^ in oxamide to 1532 cm  ^ in N,N'-dimethyloxamide. 
A proportional increase in the oxamide Raman frequency gives an 
estimate of about 1650 cm * for the CN symmetric stretch in dialkyl 
derivatives. Conceivably, in such a small molecule, either the CO or
★  it
CN stretching modes might appear in transitions of an nTT or tttt
conformation. Thus, even with a more resolved emission spectrum, any 
assignment of the vibrational frequency could be ambiguous.
Figure 19 presents the emission spectra and corrected
excitation spectra for the three oxamides that may be studied in EPA
glass at 77°K. Also included are the absorption spectra in 
acetonitrile at room temperature.
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TABLE 13 
EMISSION DATA FOR OXAMIDES
Compound Solvent
Corrected
Excitation
Maximum
(nip.)
Emission
Maximum
(rap.)
Lifetime
(sec)
Oxamide Water 270 390 < I X 1 0 " 1
N,N'-Dimethyloxamide EPAa 273 370 < 1 X
H1O
Mixed Alcohol
b -- 1.0 X 10-2
N , N '-Di-n-propyloxamide EPA3 276 370 1.4 X io“ 2
Mixed Alcohol
b 1.1 X 10"2
Ethanol •  - — 1.0 X io" 2
Crystal 260 420 < 1 X 10-1
Tetraethyloxamide
Substituted
No
Crystal
emission
270 448 < 1 X io-1
2,3-Diketopiperazine EPA3 280 420 .98 X 10 -2
g
Mixture of ether, isopentane and ethanol. 
^Mixture of methyl, ethyl and isopropyl alcohols.
Figure 19. Emission, absorption and corrected emission excitation spectra of oxamides.
[Dipropyloxamide (solid line): emission and emission excitation in EPA at 77°K, absorption
in acetonitrile at R. T.
Substituted diketopiperazine (long-dash line): emission and emission excitation in EPA
o
at 77 K, absorption in acetonitrile at R.T.
Tetraethyloxamide (dotted line and short-dash line): absorption in heptane at R.l.
Emission and emission excitation spectra in arbitrary units. J
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An important parameter in emission studies is the energy 
difference of the singlet and triplet states derived from the same 
excited conformation (S-T split) (35,71,72). lie lowest singlet
state of the oxamides can be assumed to correspond to the lowest
*
triplet state, i.e., both are derived from an n T T  conformation. The
best method of calculation of the S-T split is to take the difference
of (0,0) energies. For the propyloxamide, the apparent (0,0) band of 
emission in EPA at 77°K is at 30030 cm ^. The corresponding band in 
absorption is not available. However, from the emission excitation 
spectrum, a (0 ,0 ) energy of singlet absorption is estimated to occur 
at 33560 cm \ These values give an S-T split of about 3500 cm 
Using the absorption spectrum of propyloxamide in acetonitrile at room
temperature, a value of about 4000 cm  ^ is calculated. From the
(0,0) band of emission in mixed alcohol at 77°K and absorption in 
ethanol at room temperature, an energy difference of 4000 cm  ^ is 
again estimated.
The estimation of the S-T split for the cis oxamide is a 
different matter. Not only is the emission completely structureless, 
but the tt «- n absorption is not detectable. However, the separation 
of the maxima of the excitation and the emission spectra can provide 
a measure of the energy splitting. In EPA at 77°K, the emission 
maximum is 23810 cm and the corrected excitation spectrum has a 
maximum at 35714 cm The difference is about 1190U cm A similar 
calculation for the trans derivative in EPA gives a value of 
9350 cm This difference of 2550 cm  ^ for the two derivatives makes
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the estimate of an S-T split for the cis compound based on (0,0) bands
about 6050 cm A calculation using the onsets of excitation and
emission gives 6300 cm As shown in Figure 19, the absorption
m a x i m u m  of the intense band for cis is also red-shifted relative to
the trans compound by 1570 cm  ^ in water, while the red shift in
the emission excitation maxima is only about 660 cm
Experimental information is now available to characterize
the spin nature of the emissive state. Fluorescence usually has a
-5 -9
very short decay time of 10 to 10 sec, while phosphorescence decay
-4
times range from 10 sec to several seconds. Fluorescence and
absorption spectra generally overlap, but an energy gap from 2000 to
20000 cm ^ between absorption and phosphorescence can be expected (35).
The emission decay times of all the oxamides of about 0.01 sec and the
S-T splits for cis and trans of 4000 to 5000 cm  ^ characterize the
emission as an intercombination between the lowest triplet state and
the singlet ground state, i.e., phosphorescence. No higher energy
emission is detected, so oxamides are not considered to be fluorescent.
Several experimental criteria have been used to determine
the orbital nature of a phosphorescent state. Table 14 is an
adaptation of the criteria used by McGlynn, Azumi and Kinoshita (35)
3 * 3 *
to distinguish between an emission from n~n and t t t t  states. Included
are the experimental findings for the oxamides. The intrinsic or
natural lifetime t° is the lifetime of the e m i s s i o n  of an isolated
P
molecule. The quantum yields of fluorescence and phosphorescence cp^
TABLE 14
EXPERIMENTAL CRITERIA DESCRIBING ORBITAL NATURE OF PHOSPHORESCENCE OF ORGANIC MOLECULES3
Criterion 3 tt*nrr
3 * TTTT Oxamide s
Intrinsic Lifetime
o , .
t (sec)
P
< 0.1 
< 0.01*
> 1.0
Measured Lifetime
0 / \ t (sec)
P
10 '■'■'0.1 to 10 0.01
Vibrational Analysis 
of Emission Spectra13
Symmetric 
carbonyl stretch 
active (~ 1700 cm )
f
Singlet-triplet Split 1600 to 3000 cm
1800 to 5000 cm
2000 to 4000 cm
-1
-18
-lh
Carbon-carbon 
stretch active
8000 to 20000 cm 
6000 to 10000 cm
-1
-1
1600 cm
Trans ~  4000 cm
Cis 5500 cm
-1
-1
ESR Not detectable Detectable Emissions too weak
Polarization of (0,0) 
Band of Emission0
In-plane Out-of-plane Emissions too weak
107
TABLE 14— Continued
3 aAdapted from S. P. McGlynn, T. Azurai and M. Kinoshita,
"Molecular Spectroscopy of the Triplet State," Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey (1969), pp. 246-7.
^Fairly strong criterion
°Strong criterion.
*^ N. J. Turro, "Molecular Photochemistry','" W. A. Benjamin,
Inc., New York, N.Y. (1967), p. 46.
p
Based on data for aromatic compounds
^Based on data for carbonyl compounds as given in
S. P. McGlynn, F. J. Smith and G. Cilento, Photochem. Photobiol.. ^
269 (1964).
®Based on data for aza-aromatics as given in reference f.
Based on data for aromatic compounds as given in reference f.
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can be used with the measured lifetime (all measured under the same 
conditions) to calculate the natural lifetime by use of the formula
Tp " V 1-cp^cPp The value in the table was calculated by assuming
cp^  to be zero and cp^  to be about 0 .0 1 , a generous estimate considering
the weakness of the emission. The oxamide values of t °  and T are
P P
seen to be intermediate to the discrimination values. This 
ambiguity is unfortunate because the lifetime criterion is usually 
very decisive.
As indicated previously, the observation of a progression
in the carbonyl stretching frequency for oxamides is not useful in
characterizing the orbital nature of the emissive state. Thus, the
third criterion of the table provides no help.
The final paramter for oxamide emission that might be
useful is the S-T split. The values shown for the oxamides are at
3 *
the upper limit of the range of values generally expected for a nTT
3 *state. The ranges for tttt states are based on data for aromatic
molecules, so the lower limit of separation energies for small
carbonyl compounds is difficult to judge. Again, the oxamide values
do not allow a clear cut decision to be made.
Clearly, the experimental evidence available for the
3 *
oxamides is too ambiguous to assign its emission as either n T T  or 
3 *
tttt . The criteria of Table 14 are based on experimental evidence 
derived from a wide selection of molecules. By basing the 
experimental criteria on a much more homogeneous population of
molecules, the oxamide emission might be classified more readily as
3 * 3 *
o r i g i n a t i n g  f r o m  a  n T T  o r  a  tttt s t a t e .
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Dithiooxamides
Physical Properties
Thiooxaraides are very similar to oxamides. Dithiooxamide 
(rubeanic acid) is insoluble in most solvents and decomposes at its 
melting point of 142°C. As with the oxamides, the dimethyl 
derivatives have increased solubilities and lower melting points.
The X-ray diffraction study of crystalline dithiooxamide (73), 
given in Figure 20, shows a molecular symmetry and two molecules 
per unit cell. Distinct hydrogen-bonding was not detected. A complete 
vibrational analysis by Durig, Brown and Hannura (6 8 ) has been supplied 
for the dithiooxamide in the solid state. Table 15 provides this 
information.
Absorption Properties
The absorption of dithiooxamides occurs at considerably
*
lower energies than that found for oxamides. For example, the rr «- n 
transition of dithiooxamide is found at 483 mp, and at 270 mp for 
oxamide. This is an energy difference of over 16000 cm * (~ 2 eV).
Persson and Sandstrom (74) studied a large number of
substituted monothio- and dithiooxamides. From their absorption data,
they conclude that the molecules are planar except when one or both
nitrogens are fully alkylated. This non-planarity causes a blue 
*
shift of the tt ♦- n transition and a significant increase in the
maximum extinction coefficient as shown in Table 16. N,N'-Dimethylation
1 * -1 
causes a blue shift of the ntr state by about 2000 cm and a blue
Figure 20. Crystal structure of dithiooxamide. [Figure is based 
information in Ref. 73.]
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TABLE 15 112
ASSIGNMENT OF FUNDAMENTAL VIBRATIONAL MODES OF DITHIOOXAMIDE
IN THE SOLID STATE
Symmetry Vibration Approximate Frequency (cm )
Description
Raman Infrared
V1
- -
V2
“
V3
“ “
v4
C-N stretch 1439
a
g V5
nh2 rock 1291
V6
C=S stretch 931
V7
C-C stretch 670
V8
SCN bend 435
V9
SCN rock 177
vio
nh2 way 695
a
u V11
nh2 torsion 623
V12
SCN out-of-plane bend 405 to 392
V13
SCN torsion 112
V14
nh2 wag 665
b
g V15
nh2 torsion 492
V16
SCN out-of-plane bend 339
V17
N-H stretch 3275
V18
N-H stretch 3144
V19
nh2 scissors 1582
b
u V20
C-N stretch 1428
V21
nh2 rock 1201
V22
C=S stretch 832
V23
SCN bend 470
V24
SCN rock 301
3J. R. Durig, S. C. Brown and S. E. Hannum, Mol . Crystals
and Liq• Crystals, 129 (1971).
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TABLE 16
ABSORPTION BANDS OF DITHIOOXAMIDES3
Compound Solvent Range (mp,) X
max
(mp)
e
max _ ^  ^
(liter mole cm )
Dithiooxamide Ethanol 540 to 440 4830 22
440 to 250 3120 11200
N , N 1-Dimethyldi- Ethanol -- 440 20
thiooxamide — 3025 11600
— 4620 17
— 3040 12400
Tetramethyl- Ethanol -- 3450 500
dithiooxamide 2720 19300
Heptane/0.5% 420 to 350 3650 375
ch2 ci2
Heptane/0.025% 300 to 265 2750 18800
ch2ci2 265 to 230 2620 16100
350 to 300 3150 ~  5000
3 • •
B. Persson and J. Sandstrom, Acta Chem. Scand., 17, 1380
(1963).
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1 * “1 
s h i f t  o f  t h e  tttt s t a t e  b y  a b o u t  1800 c m  r e l a t i v e  t o  d i t h i o o x a m i d e  i n
1 *
ethanol. The blue shift of the tttt on methylation is unusual.
1 *
Tetramethylation also causes a blue shift of the nn state by about
-1 1 * -1 1 * ,
6300 cm and of tttt by about 3700 cm . The tttt state also shows a
solvent blue shift for both the dialkyl and tetraalkyl derivative--
unusual for a tt ♦- tt transition, but consistent with the effect of
total N-methylation.
An interesting effect is found for monothiooxamide in the
results of Persson and Sandstrom (74). A methyl substitution at the
-1 1 *
n i t r o g e n  o f  t h e  a m i d e  c a u s e s  a  r e d  s h i f t  o f  2 2 0  c m  o f  t h e  tttt
-1 1 *
state and a blue shift of 240 cm for the n T T  state. However, a
methyl substitution at the thioamide nitrogen causes a blue shift of
“ 1 1 * "1
334 c m  f o r  ttvt s t a t e  a n d  a  l a r g e  b l u e  s h i f t  o f  1050 c m  f o r  t h e
1 *
nn state. The former behavior is that found for amides and
oxamides and the latter for dithiooxamides. The different solvent-shift
behavior indicates that the electron distributions of the excited states
in the oxygen and sulfur analogues are different.
A closer examination of the excited state properties of
N.N'-dimethyldithiooxamide (DMTO) has been made. Three resolved bands
are apparent in the absorption spectrum for acetonitrile solution as
shown in Figure 21: a weak band at 453 mp. (e = 20 liter mole *cra ^),
a much stronger one at 302 mp. (e = 11600 liter mole ^cm ^) , and yet a
more intense band at 203 mp. (e = 20900 liter mole *cm . These
1 * 1 *
regions can reasonably be assigned as transitions to nTT f rnr and
1 *
t t t t  states, respectively. A distinct shoulder exists at about 230 mp,
Figure 21. Absorption and emission of N,N'-dimethyldithiooxamide. [Emission in EPA at 
expressed in arbitrary intensity units; absorption in acetonitrile at R.T.J
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for the most intense band, and a shoulder for the second band appears 
to be located at about 350 mp>. The interpretation of these absorptions 
is difficult.
A photolysis experiment shows that a photoproduct builds up 
in the general region 290 to 228 mp,, while the shoulder for the 
intense band is in the range 250 to 218 mp,. A similar increase in 
absorption does not occur in the region of the shoulder at 350 mp,.
These results indicate that decomposition products are not the source 
of the shoulder absorptions.
The low-teraperature absorption spectrum of DMTO in 3-MP in 
the region of the intense band maximizing at 302 mp, strongly suggests 
that association occurs at 77°K. Figure 22 shows the absorption 
spectrum in 3-MP at room temperature (R.T.) and 77°K for a concen-
-4 -i
tration of 5 X 10 mole liter . The R.T. spectrum is the same before 
and after freezing to 77°K. Also included is an additional 
low-temperature spectrum at a lower concentration.
The spectra at 77°K indicate that two species are present 
and that these species exist in an equilibrium that is concentration 
dependent as well as temperature dependent. The high energy band of 
Figure 22 shifts to the blue when the concentration is decreased, 
indicating that the absorption at room temperature is associated with 
this band. The 3-MP glass was clear at 77°K with no indication of 
crystallites. Apparently, the lower energy band represents a dimer 
or other associated species. The vibrational structure observed for 
the band of the associated species might be interpreted as the result
Figure 22. Absorption of N.N'-dimethyldithiooxamide
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of absorption by planar molecules. The structureless band of the 
unassociated species then would indicate non-planar DMTO molecules.
The intense band at 203 mp, appears to show the same behavior, the 
absorption of the associated species beginning at 212 mp,. 
Unfortunately, neither the photolysis results nor the low temperature 
absorption spectra provide any decisive interpretation for the 
shoulder absorptions.
The weak transition in the region 550 to 425 mp, of the
DMTO spectrum is rather structureless in acetonitrile. However,
four vibrational bands are apparent in 3-MP solution as shown in
Figure 23. The absorption region has a rather strange profile: the
first band appears more as a shoulder to a second transition rather
than as a part of a single transition. From the previous discussion,
this unusual form might be attributed to an associated species,
-3 -1
especially since the concentration involved is about 10 mole liter 
However, as Figure 23 shows, the intensity relationships and 
absorption profile are almost identical in the crystal spectrum at 
room temperature. Thus, if the first band is due to an association 
effect, its relative intensity in the crystal and in 3-MP should be 
quite different.
The rather divorced appearance of the first band is 
maintained in the crystal spectrum at 77°K, and another peculiarity 
in the spectrum is added. The initial absorption is unstructured, 
but is followed by a region of two very well-defined bands 
(see Figure 26). Following this region, however, are three regions of
Figure 23. Absorption of N,Nl-dimethyldithiooxamide in 3-MP and crystal at R.T. [Spectrum in 3-MP is 
indicated by dashed line and in crystal by solid line.]
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unstructured bands. At 4.2°K, the spectrum is much better resolved as 
shown in Figure 24. Strangely enough, all the regions now have more 
structure than the second which still consists essentially of two 
well-defined bands and a definite shoulder.
Clearly, there are at least two different electronic 
transitions in the region 525 ~  390 mp,, possibly three. To assist the 
interpretation of the vibrational structure, polarized spectra of 
DMTO crystals were taken at 4.2°K. The polarized spectra shown in 
Figure 24 show that the second region is actually made up of at least 
four, possibly five bands. The same is true of the first region.
Table 17 compares the vibrational spacings as calculated from the 
apparent ("0,0") of the region. The difference of the ("0,0") bands 
is 1086 cm  ^ for the two regions. If these two regions represent 
related progressions, then why the difference in the vibrational 
differences and why the very different Franck-Condon patterns?
Region III appears to have five to six members depending on the 
division between regions III and IV. Comparative differences for this 
region are less than for region II and almost the same as those of 
region I. Comparisons are also favorable between region IV and II, 
and IV and I, and IV and III.
A straightforward comparison of such differences could 
lead to the conclusion that only one transition is present. The 
apparent reason for such similarities is that all the energy differences 
between adjacent vibrational bands range from 158 to 260 cm \  the 
majority being about 200 cm Thus, similarities are hard not to find
Figure 24. Absorption spectra of N,N'-dimethyldithiooxamide in the crystal. [Spectrum 1 
unpolarized, 2 is with the polarizer at 45°, 3 is with the polarizer at 0° and 
4 is with the polarizer at 90°. See also Appendix C.]
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TABLE 17
FREQUENCY DIFFERENCES3 IN 4.2°K CRYSTAL SPECTRUM
b
OF DIMETHYLDITHIOOXAMIDE
Region 
Frequency (cm )
I
A (cm"1)
Region II 
Frequency (cm A (cm
19190 - 20276 -
19361 171 20471 224
19569 379 20695 419
19802 612 (20899 632)
21075 799
Region 
Frequency (cm
III
^) A (cm ^)
Region IV 
Frequency (cm ^) A (cm ^)
21390 —t 22401 •
21561 171 22614 213
21786 396 22857 456
(21944 554) (23041 640)
22168 778 23240 839
Relative to first band of series. 
^See Figure 24.
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in all regions; in fact, the selection of any initial band, will lead
to results like those of Table 17.
Before a satisfactory analysis of the 4.2°K spectrum of DMTO
can be realized, the polarized absorption of a single crystal is
needed.
Emission Properties
The emission of dimethyldithiooxamide in EPA at 77°K is very
intense. The two well-defined bands and one shoulder shown in
Figure 21 may be interpreted as a progression in about 1000 cm The
value of the symmetric thiocarbonyl stretch is 931 cm  ^ (6 8 ) for
dithiooxamide in the solid. The discrepancy is probably due to the
different N-substitution and different environment.
The decay time of the emission is 3 X 10 ^ sec (EPA, 77°K).
The problems involved in measuring this intermediate lifetime are
discussed in Appendix B, which deals with experimental procedures. As
shown in the previous section on oxamides, phosphorescence lifetimes
-3
for organic molecules usually range from 10 sec to several seconds.
-7 -9
Fluorescence lifetimes are much shorter, in the range of 10 to 10 sec.
These generalizations are based mainly on data for aromatics and
carbonyls. For sulfur analogues of carbonyls, a decrease in decay 
3 *t i m e s  o f  nTT e m i s s i o n s  m i g h t  b e  e x p e c t e d  b e c a u s e  o f  i n c r e a s e d
spin-orbital coupling caused by the presence of the sulfur. A tentative
3 *
assignment is thus n T T  phosphorescence.
An examination of absorption, emission excitation and 
emission spectra can provide evidence for the above assignment.
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o
Figure 25 compares the EPA emission excitation spectrum at 77 K and 
3-MP absorption spectrum at room temperature. Considering the solvent 
and environment differences, the agreement of band positions is quite 
good. The important point is that, even though the excitation 
spectrum is uncorrected, the first band is relatively more intense in 
the excitation spectrum than in the absorption spectrum. A 
corrected spectrum will make this difference even more pronounced.
A more valid comparison can be made between the emission 
excitation and absorption spectrum of the crystal at 77°K as shown in 
Figure 26. The spectra match quite well. As before, the first region 
of absorption is relatively more intense in the emission excitation 
spectrum than in the absorption spectrum. The emission spectrum of 
the crystal gave a (0,0) band at rv 475 cm  ^ to the red of the (0,0) 
band of the excitation spectrum and 1460 cm  ^ to the red of the first 
resolved peak.
A reasonable interpretation of the above data can be provided
i f  t h e  f i r s t  b a n d  o f  t h e  a b s o r p t i o n  r e g i o n  i s  a s s i g n e d  a t  a  T ^ « -  S q
*
transition of an n T T  orbital nature. The extinction maximum of 
~  2 liter mole ^cm  ^ is compatible with the intensity found tor the 
T^*- S q  transition of oxalyl bromide, a compound known to have a lowest
3 * _ ^
n n  state (75,76). The ~  475 cm separation between emission and
absorption is attributed to the lower energy expected for
crystal-defect emission. The separation of ~  1000 cm  ^ between the
first and second bands of the excitation or absorption spectra thus
★
represents the S-T split for the nTT conformation. As with the
Figure 25. Absorption of N,N'-dimethyldithiooxamide in 3-MP at R.T. and emission excitation in EPA 
at 77°K. [Absorption indicated by dashed line and excitation by solid line.j
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Figure 26. Absorption and emission excitation spectrum of N,N'-dimethyldithiooxamide in crystal at 
77°K. [Absorption is indicated by dashed line and excitation by solid line.]
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emission lifetime, this value does not compare to the S-T splits of
2000 to 20000 cm ^ found for aromatics and carbonyls (71,72). However,
the S-T split is expected to be smaller in sulfur-containing molecules.
*
As indicated in Appendix A, the S-T split of the tttt conformation of
SO2 is much smaller than that for 0^. The relative importance of the
3 *
first band in the excitation spectrum also supports the nTT 
assignment: T^*- Sq absorption is much more efficient in the excitation
of emission from the T^ state than S^<- Sq absorption. The lack of 
vibrational structure in the excitation spectrum below 450 mp* is 
further evidence of the complex nature of the initial, low-intensity 
absorption of DMTO.
CHAPTER IV
q'-DICARBONYLS
A molecule shall be termed an r-dicarbonyl if it has the 
general structure X^-CO-CO-X^, where X^ and/or X 2 is H, R, F, Cl,
Br, I, OH, OR, N ^ ,  NHR or NR2 ; R is alkyl. These molecules are a 
subclass of the very extensive set of molecules considered as the 
34 valence electron series. a~Dicarbonyls may be subdivided into 
symmetric or pure ydicarbonyls when X^ = X 2 and nonsymmetric or 
mixed oydicarbonyls when X^ ^ X 2* They also may be classified as 
covalent or ionic. For our purposes, only the covalent cr’dicarbonyl 
compounds will be considered explicitly.
Description and Svstematics 
Consider the five pure ydicarbonyls--glyoxal, biacetyl 
oxalyl fluoride, oxalic acid, and oxamide. Ditchfield, Del Bene 
and Pople (77) present a discussion of the substituents “CH^, -NH2 , 
-OH and -F. Their discussion can be rephrased in terms of i>electron 
donation to and a-electron withdrawal from the basic cr'dicarbonyl 
electron system. They assume that changes in MO energies are larger 
than changes in two-electron energy contributions. In terms of 
CT-electron withdrawal, the order of substituents follows 
electronegativity, i.e., "CH^ ' ~NH2 ^ -OH < -F. For ^electron 
donation, the order is -CH^ - -F -OH -NH2 . The main effect of
I 14
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tt d o n a t i o n  on the Q/-dicarbonyl s y s t e m  is an increase in the tt orbital
energy, while a withdrawal causes a stabilization of the oxygen
n orbitals. Second-order effects accompany the main actions. The
effective nuclear charge is decreased on the carbonyl oxygen following
TT-electron donation and leads to a destabilization of the n orbitals.
The secondary effect of a-electron withdrawal is a stabilization of 
*
the tr orbitals.
The substituent -H can also be included in the discussion.
To facilitate its inclusion, all of the substituent groups shall be 
considered as one center even though they may contain more than one 
nucleus. The same number of electrons is associated with these 
centers (substituent groups) and may be classified as bonding (a) 
and non-bonding (n or 1° terms of orbital stability, a
non-bonding electron is much more available than a a electron and is 
more available on the less electronegative of two centers. Thus,
-CH^ has less available electrons than -OH because the former center 
contains 7 a electrons and the latter 3 a, 2 p^ and 2 n electrons.
The isoelectronic centers now may be arranged in order of increasing 
electron availability as -H < -CH^ < -F ‘ -OH ' - •
With these considerations in mind, the rvdicarbonyl 
molecules shall be described as a correlative series of 34 valence 
electrons and planar 6-center systems having basic C2^ symmetry. 
Glyoxal and biacetyl are very important members of the series because 
they represent the properties o f  the fundamental , r * d  i  carbonyl system.
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Although strictly containing six centers and having C2^ symmetry, 
glyoxal is not a member of the series because the molecule contains 
only 22 valence electrons. Biacetyl does contain the requisite 
34 valence electrons. However, the molecule contains 12 nuclei and 
is not planar, much less of a C^  symmetry, because of the free 
rotation of the methyl groups. In terms of the definition of a center, 
however, biacetyl does fit the series requirements. Furthermore, 
glyoxal is also equivalent to biacetyl by virtue of the concept of 
electron availability, and thus the 22 valence electron molecule can 
be considered in a 34 valence electron series. Yet glyoxal provides 
some of the most basic information about the excited electronic 
states of the o-dicarbonyl system. The mixed G'-dicarbonyls also do 
not fit strictly into the series because they have Cg symmetry.
However, a consideration of both substituents as equivalent removes 
the problem. As will be seen later, the explicit forms of the 
wave-functions derived from semi-empirical calculations indicate that 
this assumption is quite satisfactory.
Rotational Isomerism 
Factors Influencing Rotational Isomerism
Rotational isomerism has been and continues to be a major 
problem in the study of Q"-dicarbonyl molecules. The preferred 
conformation and the relative populations of all possible conformations 
of the two carbonyl groups about the central carbon-carbon bond is 
determined by the interaction of many factors. The effect of
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■n-electron delocalization certainly should be considered in a system of 
two interacting, unsaturated units. The charge-separated resonance 
structures of valence bond theory that may be drawn for an v-dicarbonyl,
0 0 0+ 0" O' 0+
I I l l  I I
-c-c- - c - c - - c c -
illustrate the possibility of partial double bond character for the 
central bond. The situation, as viewed by MO theory, of four consec­
utive centers containing p^ orbitals also indicates that delocali­
zation is influential in determining the preferred conformation. This 
factor favors a cis- or trans-planar conformation.
The effect of van der Waals or steric interactions is also 
of importance. The interaction of the filled non-bonding orbitals of 
the carbonyl oxygens is always present and is a minimum for trans-planar 
isomers. The bulkiness of substituents can also be important through 
substituent»*substituent interaction or substituent-carbonyl interaction. 
These interactions generally favor non-planar structures, the amount 
of deviation from planarity depending on the given substituents.
When chemically stable derivatives can be prepared, the 
formation of cyclic structures can be very important in determining 
the preferred conformation. This factor is different from the others 
in that it can completely forbid a wide range of rotational isomers. 
Small-ring derivatives (7 or 8 members and less) completely eliminate 
trans isomers. For example, the very rigid structure of camphorquinonc
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forbids all conformations except those in the range of about 5 to 10° 
of cis planar (78,79).
For oxalic acid and the oxamides, the possibility of 
intramolecular hydrogen bonding also exists. The following planar, 
bicyclic structure postulated for gaseous oxalic acid illustrates the 
effect of this type of bonding (80):
H \
°; 0
Q-C// *
0 0
X H
This type of bonding produces a preferred trans-planar isomer.
The polarity of the carbonyl group makes intramolecular 
dipole-dipole interaction another factor that is involved in the 
determination of the preferred conformation. For symmetrical 
y-dicarbonyls, simple geometric considerations indicate that this 
factor favors trans planar. In this case, the interaction of the 
localized dipoles of the two carbonyls, as modulated by a given 
substituent, is at maximum stabilization.
The interplay of the various factors mentioned above can 
describe the situation only for an isolated molecule. The influence 
of the environment can modify each. Intermolecular hydrogen-bonding 
and dipole-dipole interactions can surely affect the populations of 
allowed conformations, if not completely change the preferred conformer 
of the gas phase molecules. Even the steric interactions involved in 
crowding molecules together must have an effect. One final
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environmental factor is temperature. A molecule with a wide range of
rotamer states populated at room temperature may have only the preferred
_ _ oT,
isomer present at 77 K.
Experimental Evidence for Rotational Isomers
The study of rotational isomerism in o-dicarbonyls has been 
carried out by a number of techniques: X-ray diffraction and electron
diffraction; IR/Raman, UV and microwave spectroscopy; and dipole-moment 
measurements.
X-ray diffraction.— Structural analysis for the solid state 
using X-ray diffraction techniques has found general application for 
cr’dicarbonyl molecules. The following molecules have been studied and 
found to be trans planar (C^j^) : oxalyl bromide (81), oxalyl
chloride (81), oxalic acid (anhydrous and hydrated) (82), dimethyl 
oxalate (83), oxamide (6 6), dithiooxamide (6 6 ) and ammonium 
oxamate (84).
Electron diffraction.--The methods of electron diffraction 
have been used to provide structures of gas phase molecules. As in 
X-ray diffraction, the absolute structure of the molecule is 
determined. The v-dicarbonyls glyoxal (85,86) and biacetyl (85) 
have been investigated and found to be trans planar ^ 2 ^) with no 
evidence of cis or twisted isomers. An electron diffraction study of 
oxalyl chloride (87) has also been published. The study indicates 
that the observed radial distribution curve generally fits the
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calculated one assuming only the trans isomer. However, Durig and 
Hannum (88) postulate that a calculated curve based on a mixture of 
cis and trans might better fit the data.
IR and Raman spectra.--A recent, comprehensive study by 
Durig et a l . based on the analysis of IR and Raman data (89,24,90,88,91) 
has been published on the structures of glyoxal, biacetyl and the 
oxalyl halides in fluid and solid phases. Their findings are based 
on a comparison of the spectra of gas, liquid and crystalline samples.
In agreement with X-ray diffraction results, they conclude that 
glyoxal, biacetyl, oxalyl fluoride, oxalyl chloride and oxalyl bromide 
are all trans planar in the solid state. For the fluid phases, the 
presence of no isomer other than trans planar is needed to interpret 
the data for glyoxal and biacetyl, but a mixture of isomers of up to 
20% cis is required for the oxalyl halides. The analysis for oxalyl 
chloride is particularly convincing. Not only are all twelve 
fundamentals of the trans isomer assigned, but nine fundamentals can 
be assigned to the cis rotamer. These latter bands disappear in the 
solid state.
Wilmshurst and Horwood (92) studied the IR spectra of 
dimethyloxalate in solution and in the vapor, liquid and solid phases. 
They interpret their data by assuming a trans-planar molecule (C2h^ in 
the solid phase and a single, twisted species (C2) in the fluid phases.
As indicated previously, oxalic acid (80) in the vapor is 
postulated to exist in a trans-planar, bicyclic structure formed by 
intramolecular hydrogen bonding. This work was similar to that carried
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out earlier for pyruvic acid and its derivatives by Delaplane and 
Ibers (93). In this latter work, a 5-member ring system involving an 
intramolecular hydrogen bond was assigned to the compounds studied.
The IR data for pyruvic acid indicated non-hydrogen-bonded structures 
as well as the ring structure, but only the species with the 
intramolecular hydrogen bond was detected for oxalic acid.
UV absorption spectra.--The near UV absorption spectra of 
glyoxal and the oxalyl halides may be resolved sufficiently so that 
detailed analyses of the two lowest states may be carried out. A 
complete analysis can provide structural information about the ground 
and excited states. Balfour and King (94,95,96,97) present detailed 
vibrational analyses of high-resolution vapor spectra based solely on 
a trans-planar isomer in the ground and excited states for oxalyl 
fluoride, chloride and bromide and oxalyl fluoride-chloride.
Rovibronic structure of glyoxal may be resolved and, together with the 
detailed vibrational analysis, indicate that the majority of the 
molecules of glyoxal are trans planar in the ground and excited 
states (98) .
From a study of laser-induced fluorescence and from 
rotational analysis of certain absorption bands, Ramsay et a l . (99,100) 
have indicated that the results must be interpreted as evidence for 
a cis-planar glyoxal. The fraction of the cis isomer appears to be 
very small because pressures one thousand times those used for the 
observation of the ( 0 , 0 )  band o l  t h e  L rails form were- needed to observe 
Llie corresponding ci.s band.
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Structural information also may be inferred from UV absorption 
spectra even if highly-resolved spectra are not available. Maria and 
McGlynn (101) have studied the absorption of dimethyloxalate in 
various phases and solvents. They compare (0,0) energies, 
absorption-maxima energies and overall Franck-Condon patterns of the 
lowest singlet transition in vapor and solution to those of the solid 
state. To account for the experimental data, a twisted conformation 
in a shallow potential minimum is postulated. The low rotational 
barrier allows for a substantial number of planar molecules, as well 
as other higher-energy twisted forms, to exist in fluid states.
Fischer et a l . (102) have studied the near UV absorption 
spectra of pyruvic acid and pyruvamide derivatives in solvents of 
various hydrogen-bonding capabilities. In agreement with the 
conclusions reached from IR studies, they conclude that cyclic 
structures are formed involving an intramolecular hydrogen bond. This 
planar structure is most stable in non-polar solvents (e.g., CCl^) 
and is destroyed in hydrogen-bonding solvents (e.g., dioxane, water).
The well-defined vibronic bands of the absorption spectra are considered 
indicative of this structure. In proceeding from pure carbon 
tetrachloride to pure dioxane, the vibrational structure gradually 
disappears until a smooth contour with a blue-shifted maximum is 
observed. The onset of absorption does not change appreciably. By 
formation of a hydrogen bond with the solvent, the planar structure 
is destroyed, resulting in a mixture of planar and various twisted 
conformat ions.
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A similar study (103) of the intense band in the near UV
spectrum of phenylglyoxylic acid has been done. In the solvents
hexane, methylene chloride and chloroform, the band maximum is located
in the region 278 to 282 mp, with an intensity of 5900 to
8050 liter mole ^cm However, the band is found at 252 to 254 mp,
with an intensity of 10300 to 12100 liter mole ^cm  ^ in the solvents
acetonitrile, diethyl ether and ethanol.
The interpretation of this data is identical to that based
on the pyruvic acid IR and UV absorption data: a planar, ring
structure exists in non-hydrogen-bonding solvents. However, the
experimental information can be used for a more convincing argument in
favor of a twisted conformation for the non-hydrogen-bonded species.
First, the shift of absorption maxima is very distinct and clearly is
in the w r o n g  d i r e c t i o n  for the usual solvent shift expected for tt * - tt
transitions. Second, benzaldehyde absorbs at 242 to 248 mp. with a
maximum intensity of 12500 to 14000 liter mole ^cm The low energy
1 *
band r e p r e s e n t s  a forced p l a n a r  structure that stabilized the ttti
state of the benzoyl part of the structure. When the intramolecular
bond is broken, the molecule can twist. Such non-planar conformations
1 *
re m o v e  the s t a b i l i z a t i o n  of the tttt state and shift the a b s o r p t i o n  
b a n d  to the hi g h e r  ene r g i e s  a s s o c i a t e d  w i t h  b e n z a l d e h y d e  absorption.
Microwave absorption.--A microwave spectrum represents the 
transition energies between the rotational levels of the molecule. For 
such transitions to take place, a permanent dipole moment must be 
present in the molecule. The non-detection of microwave absorption
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for an o'“dicarbonyl very specifically assigns the structure as
i.e., the only conformation for which a zero dipole moment is 
possible. Attempts to measure a microwave spectrum for glyoxal (104), 
biacetyl (104) and oxalyl chloride (105) have been unsuccessful and 
thus support a trans-planar assignment for the structure of these 
molecules.
Dipole-moment measurements.--A few dipole moments for 
c^-dicarbonyls are available in the literature. Biacetyl is reported 
to have a moment of 1 D which increases with temperature for the 
vapor and a similar value in benzene and carbon tetrachloride (106). 
Durig (24) considers the vapor measurement to be unreliable.
Dimethyl oxalate exhibits a dipole moment in m-xylene of 2.0 D (107) 
and in dioxane of 2.47 D (108). Wilmshurst and Horwood (92) interpret 
these values as indicating a twisted trans conformation with a 40° 
dihedral angle between the carbonyl groups. Martin and Partington (110) 
measured the oxalyl chloride dipole moment to be 0.92 D in benzene.
These non-zero dipole moments must be ascribed to (twisted) or 
^2V (cis-planar) structures.
Summary.--A comparison of the results found in these various 
structural studies is found in Table 18. In the solid state, only the 
trans-planar forms are present for all :/-dicarbonyls.
The situation is much more complicated for molecules in the 
fluid states. For glyoxal, biacetyl, and the oxalyl halides, other 
retainers may be present, but the i ra ns-planar form is still in Lhe 
majority. Esters of oxalic acid and pyruvic acid appear to have a
TABLE 18
STRUCTURES OF a-DICARBONYLS
Molecule
X-ray Electron IR/Raman UV Microwave
Diffraction Diffraction Analysis Analysis Absorption
(Solid) (Vapor)
Dipole
Moment
Glyoxal c a,b 
2h '2h*
Cou with 
2h
all phases snail amt.
C2v, vapor
None detected,
She
Biacetyl
■*2h 2h* i
all phases
None detected, 1 D, increases with
R^ e temp., vapor*,
2h 1.04 D CC1,, ,
1.08 benzene
Oxalyl fluoride C2h, solid;
C2h C2v> 
fluids
C2h> vaPor
Oxalyl chloride
Oxalvl bromide
Possibly
nog-planar,
' 2 h
'lb. 2h, solid; 2h,
C2h and C2, vapor 
fluids"1
C2h’
vaporc
n
None detected, 0.92, fluids;
o _ p
2h
C0 or C„
2 2v
TABLE 18— Continued
Molecule
X-ray
Diffraction
(Solid)
Electron
Diffraction
(Vapor)
IR/ Raman 
Analysis
UV
Analysis
Microwave
Absorption
Dipole
Moment
Oxamide
‘2hr
Dithiooxamide
‘2hr
Oxalic acid
c2hs
Dinethyl oxalate
‘2hU
C2h, solid; C2h, solid; 2.0 D and 2.47 D,
C2> fluidsV C2 and C2h> 
fluidsW
fluids; C„ or C„ v 
2 2v
Pyruvic acid
C2h’ C2 01 
mixture in 
fluidsX
C2h’ C2 or 
mixture in 
fluids
Pyruvamide
c2h>c2 or 
mixture in 
fluids
C2h’ C2 °r 
mixture in 
fluids
14
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preferred conformation in all solvents. The mixed ordicarbonyl 
(COCl) (COOC2H,-), as implied from the form of its UV spectrum, also 
exists as a member of the C^ point group in hydrocarbon solvents.
For molecules that can form cyclic hydrogen-bonded species, 
the preferred conformation is C2^ in the gas phase, and this species 
is by far the major one present. These molecules include oxalic 
acid and pyruvic acid, and presumably oxamide, dialkyloxamides, 
pyruvamide, dialkylpyruvamides, and oxamic acid. For these molecules 
in solution, there is competition between cyclic and C 2 h ^ 2
non-bonded structures, the equilibrium being extremely dependent on 
solvent. In non-polar solvents, C2^ is the preferred form, but, in 
solvents of hydrogen-bonding capability, a C^ species is preferred 
least for oxalic acid, pyruvic acid and pyruvamide. The dialkyl 
derivatives of oxamide appear to remain C2^ even in water.
The molecules discussed here are all acyclic and do not 
contain substituents that can be involved in steric hindrance. Either 
case may alter the preferred conformations given in Table 18.
Excited State Properties
Symmetric y-Dicarbonyls
Glyoxal.--The very extensive and sharp structure in the near 
UV absorption spectrum of gaseous glyoxal has drawn the attention of 
many investigators beginning with Thompson in 1940 (111). The efforts 
of Brand (112), King (113) and Ramsay et al. (114), have produced a 
complete analysis of this region of glyoxal absorption, including the
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rotational analysis of the (0,0) band. A summary of some of the
important conclusions of these investigations are given in Herzberg (98).
The importance of their work is that the lowest singlet and triplet
1 3
states have been unambiguously assigned by experiment as and A^.
The cis isomer of glyoxal appears to have been identified 
by the results of laser-induced emission studies (99) and by a 
rotational analysis of its (0,0) absorption band (100). The (0,0) 
band of the transition to the (100) state of cis glyoxal is at
20508 cm * compared to 21977 cm  ^ for the ^Au (112) state of trans 
glyoxal. A temperature study (100) of the two bands shows that the 
cis form lies 1125 ±  100 cm ^ above the trans■
The higher singlet states have not received the attention 
afforded the lowest ones, presumably because of the diffuseness of the 
transitions. The 1946 paper by Walsh (115) is actually the only work 
which has concerned itself with a description of the vacuum UV spectrum 
of glyoxal, i.e., the spectral region containing the high-energy 
excitations of glyoxal. Walsh assigns the bands as shown below:
Absorption Region (mu)
~  400 mp 
320 to 230 
200 to 185 
~  167
Assignment
Walsh Notation 
A,
B
N
N
N
V,«- N
Orbital Notation 
*
TT ♦- n
*
TT «- n 
*
a *- n 
*
TT « TT
The orbital notation given is preferred lo the older notation used 
by Walsh.
151
The first transition is very structured as discussed above.
*
The second tt «- n transition is described by Thompson (111) as
containing "diffuse bands." However, no vibrational frequencies arc
•>v
given by Thompson or by Walsh. The a +- n transition is stronger than 
the first two transitions and contains seven bands in a progression 
of about 560 cm Still stronger bands at 175.0 mp and 160.1 mp
are reported but not assigned. Between these bands is located the
k
tt 4-  tt transition, the most intense absorption reported.
Oxalyl halides.--The absorption bands for the oxalyl 
halides are similar to those described for glyoxal. The sharp and 
profuse structure of the states of the lowest excited electronic 
configuration has been the object of several studies directed toward 
the analysis of this energy region. The next two excited states have 
been studied only coincidentally with work done on the lowest 
transitions. No vacuum UV spectrum is reported.
Balfour and King (94,95,96,97) have completed an analysis 
of the lowest singlet and triplet absorption bands of the oxalyl 
halides (C0F)2 , (C0Cl)2> (C0C1)(C0F), and (C0Br)2 - Only for (C0F)2 
is the rotational structure well~resolved. Based on a trans-planar 
geometry, their calculated rotational profile of the (0,0) band 
compares favorably to the observed pattern. The vibrational analysis 
for the molecules indicate a very close similarity in the number and 
type of vibrational modes that are coupled to the electronic transitions, 
transitions. Only small structural changes relative to the ground 
state are indicated. The geometry oi Ihe excited state: is estimated
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to involve a ^ 0 . 1  X increase in the carbon-oxygen carbonyl bond, a 
~ 0 . 0 8  $ decrease in the carbon-carbon central bond and an increase of 
~  2° in the CCO angle. As discussed previously, both ground and 
excited states are trans planar (C •
Saksena and Kagarise (116) , shimada and Kanda (117) and 
Balfour and King (95) have reported information on the second and 
third excited singlet states of oxalyl halides. For oxalyl chloride, 
the second band is much more diffuse than the first and is 
superimposed on the tail of the more intense third band. The spectrum 
in n-heptane (116) shows only two broad peaks, while the gas-phase 
spectrum (95) gives six or seven. No attempt has been made to analyze 
this portion of the spectrum.
The second transition of oxalyl bromide (117) is completely 
structureless and appears to be more intense than the chloride tran­
sition. This intensity may be derived partly from the bromide third 
band, which is about ten times as intense as the third band of oxalyl 
chloride. The second band for both compounds is assigned as an 
rr «- n transition (95,117).
A precise location of the third band of the halides is not
available from literature data. The maximum intensities reported for
this region are about 1000 liter mole ^cm  ^ for (C0C1)2 and
10000 liter mole~1cm"1 for (C0Br)2 (117). This band for (COCl)2
thus appears to be analogous to the a ♦ a band of glyoxal. However,
the (C0Br)2 band seems to be different. This absorption is assigned (117)
*
a s  tt ♦- rr from its intensity and its red shift relative to glyoxal (115). 
They assume the corresponding band for (C0C1)2 is at about 180.0 mp, (117).
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The vacuum UV spectrum of oxalyl chloride was taken in our 
laboratories. Three smooth, broad bands are present between 220.0 and
150.0 mu: a weak band with a maximum about 205.0 mu and a shoulder at
about 176.0 mu. The intensity of the intense absorption is about ten 
times that of the weak one. From the intensity reported for the 
latter band in cyclohexane, the intense band is estimated to be about 
10000 liter mole ^cm Such an intensity is indicative of a tt ♦ tt 
transit ion.
All of the absorption information for oxalyl halides is 
summarized in Table 19.
Gas-phase emission of oxalyl halides has not been reported. 
Shimada and Kanda (75) have investigated the heavy-atom effect on the 
T^ SQ transitions of (C O C l ^  and (COBr)^. Table 20 summarizes their 
results. The maximum extinction coefficient of 1.8 liter mole ^cm  ^
for the T^«- S q transition of (COBr)^ is quite large. Borkman and 
Kearns (76) confirmed the triplet nature of the state by an 
energy-transfer experiment between (C O B r ^  and phenanthrene. The 
phosphorescence excitation spectrum of phenanthrene was found to 
maximize in the same spectral region attributed by Shimada and Kanda(75) 
to the T^«~ S q transition. As shown in Table 20, the matrix effect on 
emission lifetime is quite substantial, or else the lifetime data 
reported by Shimada and Kanda is incorrect.
Biacetyl.--The absorption of biacetyl in the visible appears 
approximately in the same region as the glyoxal transitions. The 
initial absorption is sharp in the gas phase, at least in the region
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TABLE 19
SINGLET ABSORPTION OF OXALYL HALIDES
Compound Solvent Region (mp.) \ (mp.) e
ITU1X m 3  X  ^ ^
(liter mole cm )
3 b 
Oxalyl chloride heptane 368 to 290 335 22
280 to 240 ~  270C ~  60
230 to 200 200 ~  1,000
vapor 220 to 193 205 --
187 to 173 177 C --
172 to 145 158. 5d
0 f 
Oxalyl bromide cyclohexane 410 to 320 ~  350 ~  50
300 to 250 ~  270 ~  500
240 to ~  190 «  190 «  10,000
Oxalyl fluoride^
Si m 1
(0,0) band at 27,192-4 cm in vapor: W- J. Balfour and
G. W- King, J. Mo l . Spectry., 130 (1968).
TABLE 20
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PROPERTIES OF Sq - ^  TRANSITIONS FOR OXALYL HALIDES
(coci)2 (C0Br)2
(0,0) Emission 23990 (cyclohexane, 77°K)a 
24780 (crystal, 4.2°K)a 
24027 (3-MP, 77°)b
t (sec) 1.3 X 10 ^ (cyclohexane, 77°K)
7.4 X 10 3 (crystal, 4.2°K)a 
~  10-3 (3-MP, 77°K)b
a
(0,0) Absorption 24384 (vapor)6 
24370.2 (vapor)d
22952 (vapor)6 
22938.0 (vapor)d
e (liter mole ^cm 3) 7 X 10 ^ (cyclohexane)3
£
1.8 (cyclohexane)
H. Shimada, R. Shimada and Y. Kanda, Spectrochim. Acta. 
2821 (1967).
bThis work.
c
H. Shimada, R. Shimada and Y. Kanda, Bull. Chem. Soc. 
Japan. 1289 (1968).
dW. J. Balfour and G. W. King, J. Mol. Spectry., 130
(1968).
eH. Shimada and Y. Kanda, Bull. Chem. Soc. Japan. 2742
(1967).
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467.0 to 440.0 mu. After this, the spectrum is described as diffuse 
by Ells (118). Sidman and McClure (119) report that this region 
appears "almost diffuse due to the overlapping of many vibrational- 
electronic transitions." Thus the well-resolved vibrational and 
rotational structure of glyoxal is completely gone in biacetyl, 
and the resulting spectrum appears too complex even for a vibrational 
analysis.
This contrast between the appearance of the glyoxal and 
biacetyl spectra is apparent also in solution. The spectra reported 
by Forster (120) for heptane solutions show glyoxal with a very 
prominent (0,0) band followed by four well-defined bands. Luthy (121) 
reports even more resolution for glyoxal, detecting 17 bands between 
461.3 and 311.9 mu in hexane solutions. On the other hand, biacetyl 
in heptane (122) presents a very irregular Franck-Condon envelope 
having four or five ill-defined bands. These characteristics of 
biacetyl absorption have led to the assignment of two transitions in 
this region: Lewis and Kasha (123) interpreted the vapor spectrum
as a T^«- Sq transition superimposed on a S^4- Sq transition, and 
Forster (122) concluded from solution studies that the region included 
two overlapping singlets.
Sidman and McClure (119) settled the question with their 
extensive investigation of crystal spectra at 4°K. The low 
temperature removes hot bands and related temperature effects. The 
spectrum is simplified further because rotational states are 
eliminated in the solid state. Although certain vibrational assignments
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have been changed (24) and the interpretation of some of the emission
data appears to be faulty, the conclusions concerning the absorption to
the states of the first excited configuration appear satisfactory.
Evidence for three distinct transitions was found: a
S q transition initiating about 490.0 mp, a S q transition with
a (0,0) band in the region of 437-0 mp and a S^4" S q transition about
1 1 -'<■
318.0 mp. The first singlet state was assigned as ( nn ) based on
LCA0-M0 predictions, the intensity of the transition to the state
(e ~  20 liter mole ^cm ^) and correspondence to the ^A glyoxal 
max u
state. The (0,0) band is one of the most prominent lines of the 
transition, and the fluorescence (0,0) coincides with it as for 
glyoxal vapor. The vapor phase (0,0) band is approximated at 22500 cm \
3
The T^ state is assigned as A by Sidman and McClure (119)
through some rather involved interpretation utilizing two emissions
observed to the red of the 490 mp absorption region. Their analysis
of the two emissions is not satisfactory. However, the (0,0) energies 
3 3 1
of the A , B and B states are presented by Sidman and McClure 
u ’ u u
only as tentative assignments. The major problem appears to be the 
energy gap of 615 cm  ^ between the (0,0) band at 20421 cm  ^ in the 
weak absorption and the (0,0) band at 19806 cm  ^ for the strong emission. 
This problem is not found for glyoxal phosphorescence where coincidence 
is observed.
A simpler explanation can be given from the fact that the 
glyoxal data derive from gas-phase molecules, while biacetyl data arc 
taken from crystal spccLra. The majority of the hiaceLyl molecules
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may have energies at 20421 cm as indicated by absorption, but a 
few are at crystal defects or have states perturbed by nearby impurities
or twisted biacetyl molecules. These perturbed molecules are at the
3 -1
lower Au energy of 19806 cm , and these lower states are the ones
that are emissive.
The change from hydrogen to methyl does more to the
electronic structure of biacetyl than provide for trivial diffuseness
in the absorption spectrum. There also appears to be experimental
evidence for significant mixing of tt and o MO's: (i) Sidman and
McClure (124) indicate the presence of a methyl carbon-hydrogen
1 1 *
stretching frequency in the A^*" ^ (rr n) transition of biacetyl and 
(ii) Brundle et a l . (125) indicate that the photoelectron spectra for 
formaldehyde and acetone show that tt and a  are poor symmetry 
descriptions for the MO's of acetone, i.e., the MO's are heavily mixed.
As with glyoxal, the information for the upper excited states 
of biacetyl is limited. As shown in Table 21, only the vacuum UV 
spectrum of Ells (118) describes transitions to these states, and
assignments are made by Walsh (115) by correlation with glyoxal. The
*
200.0 to 188.0 mp, region, assigned a ♦- n by Walsh, contains 21
bands (118). The maximum intensity in the system is about 10 times
•>v
less than the maximum intensity at 174.5 mp, i.e., the rr *- rr 
transition. As Ells points out, these 21 bands may be analyzed in a 
progression built on 1200 cm  ^ or 600 cm  ^ almost equally well. The 
absorption region attributed to the tt ♦ tt transition contains five 
bands.
TABLE 21
ABSORPTION PROPERTIES OF BIACETYL
Solvent Region (mp,) X (mp,) max p
emax_ ^  ^
(liter mole cm ) 0,0 Energy (cm *)
Vapor 1^-60 to 560s 
280 to 250b 
200 to 250b
174.5 to 169
417 ~  22500
Crystal 20421°,a
22873a
3l475a
Heptane
onset ~  470
507c ’g
^25.5
.064
22.7
Ethyl Iodide 505°’d .076
W. Sidman and D. S. McClure, J. Am. Chem. Soc., 7^^ , 6461 (1955)* 
*V. R. Ells, J. Am. Chem. Soc., 60, 1864 (1958)*
Q
Singlet-triplet transition.
^L. S. Forster, J. Chem. Phys.. 26, 1761 (1957). 
eL. S. Forster, J. Am. Chem. Soc... JJj 1417 (1955).
The triplet state properties of biacetyl are unique. Emission 
can be detected easily not only from low temperature solids and glasses 
but also from solutions and vapors (126). Several well-defined bands 
generally make up the emission, the first band being strongest.
Table 22 gives energies of phosphorescence under various conditions.
The excited state processes in biacetyl nave been studied 
extensively. The following generalizations are apparent:
(i) intersystem crossing is very efficient (127), (ii) the measured 
lifetime is about 1 to 2 msec while the natural lifetime is about 
.01 sec (126) and (iii) the phosphorescence yield increases drastically 
from the gas or liquid phase to the rigid glass at 77°K (127).
^-Diketones.--Biacetyl represents the simplest of the 
ry-diketones, R^-CO-CO-R^, where R is alkyl. For certain of these 
molecules, the steric properties of the alkyl substituents become an 
important factor in determining the preferred rotational isomer. Also, 
certain orientations can be completely disallowed in ring compounds.
Leonard and Mader (129) took advantage of this property in a 
study of the two lowest singlet states of c*~diketones. They 
investigated ring compounds of the form
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TABLE 22
BIACETYL PHOSPHORESCENCE ENERGIES
Temp. Solvent (0,0) Band 
(mp.)
25°C Hexane 524a
22°C Water 514b
25°C n-Heptane 521b
77°K Mixed Alcohol 510a
4°K Crystal 505°
aH. H. Richtol and F. H. 
Klappmeir, J. Chem. Phys.,
1519 (1966).
bM. Almgreen, Photochem. 
Photobiol.. fcj 829 (1967).
°J. W. Sidman and D. S. 
McClure, J. Am. Chem. Soc., J£, 
6461 (1955).
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In these molecules, the orientation of the two carbonyl groups varies 
from almost cis coplanar in small rings (5 or 6 members) to twisted 
in intermediate ring sizes and, finally, to trans in large rings 
(18 members). Estimations of the conformations were made from the 
examination of space-filling molecular models.
In Figure 27, the energy of maximum absorption is plotted 
against the estimated dihedral angle between the carbonyls. Included 
in this data are results from Evans and Leermakers (130) for the first 
singlet state of cy~diketones not studied by Leonard and Mader. Three 
trends are apparent in the graph: (i) the first singlet state
undergoes a significant shift to higher energy when the molecule is 
twisted from cis or trans planar, (ii) the energy of the second singlet 
state remains relatively constant for all conformations, although the 
four data points for trans forms indicate a slight red shift for the
Vc
second n ♦- n transition and (iii) the transition energy of the first 
singlet state of the cis form appears at lower energy than the trans 
form.
The second singlet state of caaphorquinone provides a 
second data point for the cis portion of the graph. Unfortunately, the 
transition appears as a shoulder in Leonard and Mader's spectra which 
were taken in 957, ethanol. However, Chainey and Tsai (131) provide 
an energy for the (0,0) band of both singlets of crystalline 
camphorquinone. When these energies are compared to the (0,0) energies 
assigned for biacetyl (119), the singlets of the cis isomer are found 
to be both lower than the corresponding singlels oj l he trans form
*
Figure 27. Variation of t t  «- n transition energies of aliphatic 
Q'-diketones with dihedral angle.
r 1 *
[Transition energies to 1 n n  states are indicated by
1 *
open or closed circles and to 2 nrr states by open or 
closed squares. Data for the following compounds was 
used to construct the figure:
1. Gamphorquinone (Ref. 78)
2. Camphorquinone (Ref. 79)
3. 1,2-Cycloheptanedione (Ref. 130)
4. 3,3,6,6-Tetramethyl-l,2-cyclohexanedione (Ref. 79)
5. 3,3,6,6-Tetramethyl-l,2-cycloheptanedione (Ref. 79)
6. 3,3,6,6-Tetramethyl-l,2-cyclooctanedione (Ref. 79)
7. D i p i v a l o y l  (Ref. 79)
8. Pivalil (Ref. 130)
9. 3,3,6,6 - T e t r a m e t h y l - l , 2-cyclooctanedecanedione
(Ref. 79)
10. 2,3-pentanedione (Ref. 130)
11. Biacetyl (Ref. 130)
12. Biacetyl (Ref. 119)]
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- 1 1 *
and by the same amount (~ 1800 cm ). The n tt energy of the ci s form 
of glyoxal is also lower than the trans. but by ~  1500 cm
A consideration of the form of the molecular orbitals 
involved in the cis and trans isomers can help to provide an 
interpretation for these experimental results. As indicated in the 
discussion about rotational isomerism, one factor of importance is 
the non-bonding interactions of the oxygen orbitals. From a simple 
MO picture, the splitting of the n orbitals of the cis isomer are 
predicted to be greater than that for the trans. The CNDO/s 
calculations for glyoxal (see Chapter VI) confirm this, predicting 
the splitting in the cis form to be 0.17 eV (~ 1400 cm larger 
than trans. Assuming the tt orbitals to have the same energies in both 
cis and trans, this difference of about 1400 cm  ^ compares favorably
with the experimental difference of (0,0) bands of about 1800 cm *.
*
The very different behavior of the two tt «- n transitions can
be explained by a consideration of the ttMO' s of glyoxal. For both
*
cis and trans. the first transition terminates in a n orbital that 
is bonding across the carbon-carbon bond. This orbital is destabilized 
by twisting about this bond. The termination orbital for the second 
transition is antibonding across the connecting bond and is affected 
only slightly by twisting. Although the two n orbitals also are 
different, twisting from cis to trans does not cause any great energy
‘/V
changes. Thus, the tt ♦- n transition is predicted to blue-shift and
*
the rr n transition to red-shift slightly upon twisting. Further 
discussion on transition properties based on simple MO arguments may be 
found in Ford and Parry (132) and Susuki (133).
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Based on a synthesis of these simple MO considerations
1 *
with the experimental data of Figure 27, the behavior of the nTT 
states of cr-diketones as a function of twist can be described as 
shown in Figure 28. The behavior indicated is compatible with the 
experimental information of Leonard and Mader and with the (0,0) 
energies of camphorquinone and biacetyl, i.e., cis energies are 
lower than trans.
The states that have been discussed are only two of the
*
four tt ♦- n transitions possible for the cydicarbonyl system. The other
two are symmetry forbidden in the planar conformations (C2h ant* ^2v^ "
When the symmetry is lowered to C2 upon twisting from planarity, all
four transitions become allowed. Symmetry considerations alone do
not determine the observed intensity of a particular transition. For
★
example, the lowest tt 4-  n transition of acetone is forbidden in C2V »
while the lowest of biacetyl is allowed. However, both transitions
have roughly the same maximum molar extinction coefficients. All 
1 *
four nrr states of camphorquinone, a molecule strictly C2 but
nearly C2V ’ have been tentatively assigned by Chainey and Tsai (131),
and four other higher excited states have been located.
1 *
The substantial blue shift in the first nTT state of
3 *
/-dicarbonyls upon twisting implies that the nTT state also should 
undergo a similar blue shift in twisted molecules. Evans and 
Leermakers (130) made the initial investigation of this idea by
studying the emission spectra and excited state geometry of o^diketones.
They examined molecules that were Irans planar, twisted and cis planar
Figure 28. Schematic representation of the variation of n «- n
transition energy with dihedral angle of Q'-diketones
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in their ground states. By examining the energy differences between 
the maxima of phosphorescence and absorption (AEp ) and between the
r
maxima of phosphorescence and fluorescence ( AEP ) , as shown in
irr
Figure 29, they found the latter difference to be essentially
constant for all the molecules studied, no matter what the
dihedral angle of the ground state molecule may be. However, the
data for appears to correlate with the dihedral angle such
that energy differences below 4.0 kK occur for planar ground state
molecules and above 4.0 kK occur for twisted ground state molecules.
Evans and Leermakers (130) conclude that r^-diketones both
fluoresce and phosphoresce from planar excited states. This conclusion
is based on the interpretation of AEp^ as a representation of the
energy difference of in the ground state configuration and in
the excited state configuration and of AED1;, as the energy difference
rr
of both and T^ in the excited state configuration. Thus, an
rr-diketone having a twisted ground state is more stable in the excited
state as a planar entity which then emits to a less stable, planar
ground state. The overall effect is that the phosphorescence of a
twisted crdiketone is at substantially lower energies relative to
absorption than that for a planar cr*diketone. Their interpretation
o
is substantiated by the asymmetric, featureless 77 K absorption of 
pivalil (twisted ~  110 to 150°) and its well-defined fluorescence and 
phosphorescence. This lack of mirror symmetry is interpreted to mean 
a large difference in geometry between the ground and excited states.
Figure 29. Comparison of emission properties of molecules with
planar ground states and those with twisted ground states 
[Ap^ is the energy difference of phosphorescence and 
absorption maxima; Ap^ is the energy difference of 
phosphorescence and fluorescence maxima. The following 
dihedral angles (estimated) are represented in the
figure:
1. 180° (biacetyl)
2. 180° (2,3-butanedione)
3. 0 to 10° (caraphorquinone)
4. 15 to 30° (1,2-cycloheptanedione)
5. 110 to 150° (pivalil)
6. ~  90° (benzil)
7. ~  90° (cv-pyridil)
This information may be found in Ref. 130.]
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Morantz and Wright (134) arrived at essentially the same 
conclusions by a study of benzaldehyde, benzil and biacetyl. They 
considered that benzil was like benzaldehyde in absorption, but like 
biacetyl in emission. Since the ground state of benzil is twisted 
about the central bond ~  90°, the conclusion is that the two twisted 
portions are more or less independent and thus, benzaldehyde-like, 
i.e., that absorption takes place on the individual parts of the 
twisted molecule. After absorption, the parts become coplanar and 
then fluorescence and phosphorescence occur from this planar, excited 
state geometry.
However, models show that a completely planar excited state 
is ruled out (134). Structures of a planar cis or trans o'-dicarbonyl 
system with skewed benzene rings are strain free and easily formed 
from the twisted ground state. This type of structure is substantiated 
by the fact that 2,2', 6,6'-tetramethyl benzil has an absorption 
spectrum like biacetyl. Thus Morantz and Wright (134) conclude that, 
in the excited state of benzil, the dicarbonyl system is planar and 
the attached phenyl rings are skew or perpendicular to the 
o-dicarbonyl plane.
Oxalic acid and dimethyl oxalate.--Maria and McGlynn (101,135)
have made a very extensive investigation of oxalic acid and
dimethyloxalate (DM0) and provide essentially the only information on
the excited states of these molecules. They have made the following
assignments for the first three transitions, in increasing energy:
1 1 , i^A ♦" l^A and 2^A ♦ l^A . All three transitions are
u g ’ u g u g
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rr «-n. Single crystal polarization studies of dimethyloxalate (DMO)
show that the (0,0) band of the first singlet absorption is polarized
perpendicular to the molecule plane. This information alone provides
*
for an allowed, t t  ♦- n assignment. Further evidence for this assignment
is the low oscillator strength (for DMO in acetonitrile,
-1 -1 -3
e250  ^ liter mole cm and f ^ 1.3 x 10 ) and the prominent
excited-state carbonyl-stretching frequency of 1415 cm ^
(1757 cm  ^ in the ground state). For the planar molecule of
crystalline DMO, the group-theoretical assignment must be «-^A .
More important is the assignment of the second singlet
transition. Again, the polarization measurements show that the
transition is allowed and, for the planar DMO molecule, must be
assigned to the 2^Au state. The low oscillator strength
-3 -1
(f - 1 x 10 in acetonitrile) and presence c £ a ~  1500 cm progression
in the corresponding band of oxalic acid help to substantiate the 
assignment. This work represents the first assignment of the second 
singlet transition of ordicarbonyls based on something more than the 
weak intensity and simple MO arguments, e.g., the Walsh assignment 
in glyoxal (115).
Maria and McGlynn (135) also did a phosphorescence polari­
zation study on DMO. Their results indicate that the first singlet 
and emitting triplet must be derived from the same orbital config­
uration. The l^A^ assignment of the singlet state thus assigns the
3
triplet as 1' A . Further evidence presented is that the lifetime of 
phosphorescence is of the order of 1 msec for hoi It oxalic acid and DMO
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in crystal and low temperature glasses. The singlet-triplet split 
for oxalic acid is given as 2100 cm  ^ and DMO is 227 5 cm ^ . The 
emission of DMO is analyzed in progressions of 1740 cm All
these additional pieces of experimental evidence are indicative of
3 *a nrr state. At 320 mp in acetonitrile, a weak absorption band
-2 -1 -1 
^ €max ~ 1*3 x 10 liter mole cm ) is attributed to the transition
to this state.
Maria and McGlynn (101) also discuss the higher-energy 
states of DMO based on its vacuum UV absorption spectrum. The 
spectrum contains bands at 175 mp (57.2 kK), 159 mp (62.9 kK),
140 mp (71 kK) and 135 mp (74.2 kK). The first two bands are much
weaker than the others. Their assignments are as follows:
*(i) The bands at 175 and 159 mp are tt «- a transitions
ic
of (twisted) molecules, or one of them is a tt ♦- tt transition of 
a C2h (planar) molecule.
*
(ii) The excitations in the region 150 to 125 mp are tt «- tt;
'k
the band at 140 mp (71 kK) is to be compared to the tt «- tt transition 
of formic acid at 67 kK and acetic acid at 68 kK.
The association of the 67 kK band of formic acid to a band
at higher energy (71 kK) in DMO is misleading. First, one expects to
* * 
be able to correlate four tt ♦- rr transitions of DMO to the one rr ♦- tt
transition of formic acid (see discussion on oxamide in Chapter V).
For both and C2 molecules, two transitions are expected at lower
and two at higher energies than the formic acid truns it ion. While the
sfaLemenl of Maria and McGlynn may be correct, Llic implication that
this is the lowest n *- n transition cannot possibly be true.
175
A more satisfying assignment of the bands is to describe 
k
all four excitations as tt «- rr. In C£ (twisted) molecules, this MO 
description will not be strictly correct because of mixing, but the 
transitions may still be correlated to those of formic acid. This 
assignment provides a stabilization in DMO relative to formic acid 
of 9.8 and 3.1 kK for the first two transitions and a destabilization 
of 4.0 and 7.2 kK for the highest-energy bands. An examination of 
Figure 62 in Chapter VI indicates that this is just the relative-energy 
situation expected for either or C2 molecules. In fact, the 
1.5 eV splitting calculated for the oxamides is very similar to 
the ~  2.0eV splitting of the highest-and lowest-energy transitions 
found for DMO.
Further evidence for such an assignment of these bands is 
found if one examines the spectrum of DMO taken in water. An apparent 
maximum is found at ~  180 mp, with e, QO c -- 7000 liter mole ^cm The
lO/ • J
ic
intensity is indicative of a tt «- rr transition, as is the red shift of 
the absorption maximum relative to the 17 5 mp, (57.2 kK) band of the 
vapor spectrum.
A test for this assignment would be the vapor spectrum of 
anhydrous oxalic acid, a molecule known to be (planar) in the
ft
vapor. In this case, only two tt «- tt transitions are to be expected, 
one higher and one lower in energy than the formic acid band.
The structure of DMO in solution is discussed at length by 
Maria and McGlynn (135). They conclude that the preferred orientation 
is a non-planar species of C2 symmetry. In a calculation including
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dipole-dipole and van der Waals interaction plus electronic energy, 
they find that the trans energy minimum is at dihedral angle of 
approximately 45°. This minimum is 1 kcal/mole more stable than the 
trans-planar conformation and is separated from the cis minimum 
(presumably skewed also) by a 3 kcal/mole rotational barrier. At 
room temperature, they show that a wide range of conformations are 
possible. Their calculations show that at room temperature the 
relative population of trans planar to twisted molecules is 0.6 to 
0.2 (37% to 16%) trans-planar molecules. On this basis, they 
rationalize the constant presence of the first vibronic band of DMO 
in acetonile, vapor and crystal being at the same energy, i.e., this 
first band is interpreted in all cases as belonging to the planar 
species. However, the (0,0) band is red-shifted by about 550 cm  ^
in 3-MP. This shift is attributed to the usual solvent shift for
■k
tt *- n transitions. If this were the case, the energies of the (0,0) 
band should be increasing in the order vapor < 3-MP acetonitrile 
< crystal. They do not.
The energy ordering of the absorption maxima is crystal 
<: acetonitrile ^ 3-MP < vapor. This red-shift of the maximum of 
absorption of the vapor spectrum may be interpreted as a change in
the preferred conformation from twisted in the vapor to trans planar
ic
in the crystal. As seen for the ry-diketones, the first tt ♦- n 
excitation is at higher energies for the twisted conformations. Since 
the actual absorption band is a superposition of the absorptions ol 
several conformations, the location of the maximum depends on the
177
populations of various conformations. Thus, as the relative population 
of the trans-planar conformer increases, the absorption maximum is 
shifted to lower energies.
Maria and McGlynn (101) make a largely unsubstantiated 
claim that oxalic acid is similar to DMO in solution. The spectra 
presented actually lead one to conclude the opposite. For example, 
the blue shift of the absorption maximum in going from acetonitrile 
to ethanol is not the abnormal red shift shown by DMO. The 77°K 
ethanol spectrum does nothing more than sharpen the maximum relative 
to the room temperature spectrum. One expects at least a definite 
blue shift of the low energy side of the band. As isolated molecules, 
the acid and ester have quite different structure as shown from 
analyses of IR data (80,92) and these structures are expected to 
exhibit different absorption properties.
Mixed or Picarbonyls
(COCl) (COOC H^.-) . - -The half-ester of oxalyl chloride presents 
an absorption spectrum much like the one observed for dimethyl oxalate. 
As shown in Figure 30, the absorption spectra in the vapor and in 3-MP 
solution are skewed to higher energies. The vapor absorption maximum 
is blue-shifted by about 1350 cm \  while the onset of absorption for 
both spectra remains at about 345 mp.. This first band extends over 
the region 345 ~  265 mp, and is almost completely structureless. The 
maximum extinction coefficient is about 30 liter mole ^cm  ^ in 
hydrocarbon solution. The vibronic band at about 258 mp. probably 
should be considered the beginning of the second absorption region.
Figure 30. Absorption spectra of (COCl) (COCK^H,.) in the vapor and 3-MP. [Vapor spectrum is dashed 
line; 3-MP spectrum is solid line.]
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The anomalous red shift of the absorption maximum in going 
from vapor to hydrocarbon solution is not to be interpreted simply as 
as indication that the molecules are twisted in both the vapor and 
solution, but also that the relative population of the various 
conformations is changed in solution. The same onset of absorption 
indicates that significant trans-planar molecules also exist in 
equilibrium with the twisted forms. From the crystal absorption of 
dimethyloxalate, a structured crystal spectrum is predicted for 
(C0C1)(COOC^H^) with a (0,0) band in the region of 340 mp..
The emission of (C0C1) (CCKX^H,.) is quite intense and presents 
sharp, well-defined bands as shown in Figure 31. The (0,0) energy is 
26250 cm  ^ in hydrocarbon glasses at 77°K, and the decay time of the
-3
emission is about 10 sec. The well-structured phosphorescence 
indicates emission from a planar excited state, although the absorption 
spectra imply that the ground state is most probably twisted.
The vibronic structure of the luminescence is strikingly
similar to both oxalyl chloride and dimethyloxalate. Table 23 is a
comparison of the vibrational frequencies active in the emission of 
these compounds. The vibrational spacings were calculated from the 
energies of the first four resolved bands. The vibrational frequencies 
determined by Shimada and Kanda (75) from the emission spectra of 
(C0Cl)2 in a cyclohexane matrix are also included. The 440 cm  ^
interval of ( C O C l ^  is not in evidence in the emission from a 3-MP 
glass for the first set of bands but becomes apparent in the second 
and third sets. The similarity of the 440, 474 and 530 cm  ^ intervals
Figure 31. Emission spectrum of (C0C1)(COOC^H^)
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WAVELENGTH (ftim)
380
TABLE 23 183
VIBRATIONAL FREQUENCIES ACTIVE IN EMISSION OF OXALYL Cl&ORIDE, 
ETHYL OXALYL CHLORIDE AND DIMETHYLOXALATE
Frequencies Measured 
from Emission Spectra
(cm )
Ground State 
Frequencies from 
IR and Raman 
(cm"^)
(C0C1)2 3-MP, 77°Ka cyclohexane
77°Kb
crystal, RT°
1809 1770 
1060 1070 
615 620 
440
1702 (vco> ag)
1093 < V c >  V  
756 (V c i ’ ag>
620 <VC1’ bu)
493 (v b 
v C1-C0 BEND’ u
(COCl)(COOC2H 5) 3-MP. 77°Ka 
1797 Not
1121
474
Available
(COOCH3 )2
o d
crystal, 77 K crystal. RTe
1790
955
530
0 5 7  (vc0, ag )
1189 < V o -  V
995 ( V c , ag)
This work.
b
H. Shimada, R. Shimada and Y. Kanda, Spectrochim. Acta, 
2821 (1967).
CJ. R. Durig and S. E. Hannum, J. Chem. Phys.. 6089
(1970).
^H. J. Maria and S. P. McGlynn, J. Mol. Spectry., 177
(1972); Ibid.. in press.
L'J. K- Wilmsliursl and J. F. Ilorwuod, J. Mol . Spoctry. .
48 (1966).
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is quite striking. However, Shimada and Kanda (75) and Balfour and
King (9 5) assign the 440 cm  ^ band as the ClCO in-plane-bending
mode (a ), while Maria and McGlynn assign the DMO 530 cm  ^ band to
8
some b mode, as yet unassigned of the IR spectrum. The 615 cm 
8
interval of (C0C1)2 most certainly does not correlate with the 
530 cm  ^ frequency of DMO since the former is assigned as the CC1 
stretch and the COR stretch of DMO is 1189 cm A detailed study of 
(C0C1) (COOC2H,-) could provide some interesting information which could 
help to verify the work of Maria and McGlynn on DMO.
Table 24 summarizes information on the excited states of
(c o c i )(c o o c 2h 5).
Pyruvic acids and esters.— Pyruvic acid is the mixed 
Q~dicarbonyl of biacetyl and oxalic acid. The absorption spectrum of 
the first singlet transition in 3-MP and the vapor is essentially 
identical to the corresponding transition of biacetyl as reported by 
Forster (122). As shown in Figure 32, pyruvic acid appears to show a
normal loss of vibrational structure and blue-shift when going from a
non-polar to polar environment. A second band is located in the region 
290 225 mp. as a shoulder to a more intense absorption. This latter
transition has a maximum at about 187.5 mp- in the vapor and
methylcyclohexane (e - 1500 liter mole cm ^) and about 200 mp in
water. The intensities, solvent shifts and appearance of these bands
1 a- 1 *  1 *
identify them as transitions to nn , nn , and vrrr states m  order
of increasing energy. Table 25 presents the absorption parameters
for a number of pyruvic acids and esters.
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TABLE 24
ABSORPTION AND EMISSION PROPERTIES OF (COCl)(COOC2H 5)
Absorption: e
Solvent Fange(m|i) X (mp,) 
max
max  ^
(liter mole cm
Vapor 340 to 255 266 - -
212 to 180 190 --
165 to 147 155 --
143 to 133 136 --
3-MP 340 to 262 275 -30
194 1780
Emission:'
Solvent (0, 0)Energy(m(i)
X of 
max
Excitation(mp,)
3-MP, MCH 381 330
a77°K
Figure 32. Absorption spectra of pyruvic acid in solution. [Spectrum in methylcyclohexane (MCH) 
shown as solid line, in ethanol as short-dashed line and in water as long-dashed line.
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TABLE 25
ABSORPTION PROPERTIES OF PYRUVIC ACID AND RELATED COMPOUNDS
Compound Solvent Range (mp-) X (mu.) 
max
e
max  ^
(liter mole cm )
Pyruvic Acid 3-MP, MCH 385 to 300 352 12
295 to 227 29 5a -
2703 28
235a 113
- 200 ~  1160
- 187.5 1500
Ethanol 390 to 300 330 -
290 to 230 ~270a -
Vapor 210 to 183 190 -
175 to 161 166 -
159 to 147 153 -
Methyl Pyruvate 3-MP 395 to 285 334 -
- 265 -
Methyl
Trimethylpyruvate 3-MP 395 to 280 313
aShoulder.
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Fischer et a l . (102) have investigated the low energy 
absorption of pyruvic acid and its derivatives of the form R^C-CO-COOH 
in CCl^, dioxane and water solutions. They conclude that the loss of 
structure found upon going to dioxane from CCl^ and the blue shift of 
the maximum is caused by the destruction of the planar ring system of
the intramolecularly hydrogen-bonded form. They also conclude that
1 * -1 
the shift of the ntr state is of the order of 1000 cm for dioxane
and 2500 cm ^ for water. Obviously, a major cause for the shift for
*
water is the normal blue shift found for tt *- n transitions in 
hydroxylic solvents.
A clearer picture of the relation of the bonded and 
non-bonded species can be obtained by investigating the esters of 
pyruvic acid in which the hydrogen-bonded structure cannot exist. 
Figure 33 is the absorption spectra in 3-MP of pyruvic acid, its 
methyl ester and the trimethyl derivative of the ester. The 
implication of the profiles of these spectra is unmistakable. Pyruvic 
acid is planar and apparently only one species exists. This latter 
conclusion derives from the striking similarity of the pyruvic acid 
absorption profile to that of biacetyl (122), a molecule known to 
exist only as trans planar in solution (24). The dramatic decrease of 
structure and blue shift of the maximum must be due to the existence 
of twisted species in addition to planar ones. The trimethyl 
derivative must have a potential minimum for a twisted species judging 
from the complete lack of structure and the ~  3000 cm  ^ blue shift of 
the maximum. A preferred twisted conformation is to be expected 
because of the steric interaction between the tert-butyl group and the
Figure 33. Absorption spectra of pyruvic acid and derivatives in
3-MP. [Pyruvic acid spectrum is the solid line, methyl 
pyruvate is the long-dashed line and methyl trimethyl- 
pyruvate is the short-dashed line.]
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ester carbonyl group. Apparently, some planar species exist for all 
the compounds since they all have an onset of absorption about 
390 to 400 mp,.
The emission spectra of these same compounds in 3-MP at 
77°K are given in Figure 34. They are virtually identical. Only the 
slight shift in the (0,0) energies and better resolution for the 
trimethyl derivative differentiate the emissions. Two important 
implications are indicated by this data: (i) the emitting species of
these molecules is the same and (ii) the energy difference between 
the hydrogen-bonded and non-bonded species is rather small. The 
emitting species must surely be planar judging from the intense (0,0) 
band and from the fact that pyruvic acid is planar due to the 
intramolecular hydrogen bond. The small energy difference of the 
bonded and non-bonded species means that the shifts in the maxima 
are due almost entirely to a twisting of the molecule.
The twisting has two effects. The (0,0) energy of the state 
must shift to higher energies as shown previously for crdiketones. 
Assuming a planar excited state, the Franck-Condon maximum, relative 
to this blue-shifted (0,0) band, must also blue-shift as the angle of 
twist increases. Thus, the potential energy surfaces of the ground 
and excited states become more and more dissimilar as the twisting 
angle increases.
The emission spectrum of methyl pyruvate in EPA at 77°K is 
very similar to the one in 3-MP except for a ~  /00 cm  ^ blue shift in 
Liu: (0,0) energy. The situation is <|iiite different Lor pyruvic acid
Figure 34. Emission of pyruvic acid and derivatives in 3-MP at 77 K.
[Line designations and compounds are identical to those 
used in Figure 33.]
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itself. As shown in Figures 34 and 35, the emission is obviously 
wavelength dependent in EPA. One species has a (0,0) energy at 432 mp, 
and another at 420 mp, a difference of 760 cm The hydrogen-bonding 
capability of the ether and alcohol found in EPA suggests the presence 
of both intermolecular and intramolecular hydrogen-bonded species. 
Assuming both species are planar (the resolved first band suggests 
this as reasonable), which is the cyclic species? The fact that the 
emission appears almost homogenous for excitation at 370 mp but is 
composite when excited at 330 mp definitely suggests that the second 
band belongs to the cyclic structure. This indicates that the 
intramolecular species is more stable than the solvent-bonded species, 
an observation consistent with the stability of the planar 5-member 
ring system.
A summary of emission data on pyruvic acids and derivatives 
is given in Table 26.
Pyruvamide.--The mixed crdicarbonyl of biacetyl and
oxamide is pyruvamide. The absorption contours of the first band in
3-MP and water are similar to those of pyruvic acid as shown in
Figure 36. The intensity at the maximum in hydrocarbon solvent is
also similar (e ^ 2 1  liter mole ^cm 1). However, the first vibronic 
max
band of pyruvamide absorption is shifted to lower energies by about 
3500 cm The second transition is found in the region 290 to 265 mp 
as a shoulder to a third, intense band maximizing at 225 mp. The 
maximum extinction coefficient of the latter band is 2000 liter mole *cm \
Emission spectra of pyruvic acid and methyl pyruvate in EPA at 77 K. [Solid line 
spectrum of methyl pyruvate, short-dashed line is pyruvic acid excited at 330 mp- 
long-dashed line is pyruvic acid excited at 370 m p . ]
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TABLE 26
EMISSION PROPERTIES OF PYRUVIC ACID AND RELATED COMPOUNDS
Compound Solvent X (mp) 
max
Pyruvic Acid 3-MP 44 lb
474
508
550
EPA° 434b
Methyl Pyruvate 3-MP 440 b
47 5
512
555
EPA 427b
458
493
540
b
Methyl Trimethylpyruvate 3-MP 440
467
475
506
518
b(0,0) band.
'"Emission is e x c i t a t i o n  w a v e l e n g t h  dependent.
Figure 36. Absorption spectra of pyruvamide in solution. [Solid line represents spectrum in 3-MP; 
dashed-line is spectrum in water.]
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and the band is well-separated from higher-energy absorptions. In 
water, the absorption maximum shifts only slightly to 223 mp.. The 
fourth transition has an apparent maximum at ~  180 mp only in water, 
the band evidently being blue-shifted in hydrocarbon solvent. The 
intensity of this band in water is about three times that of the 
third one.
The emissions from pyruvamide at 77°K in 3-MP and EPA glasses' 
are given in Figure 37 and arc summarized in Table 27. They are 
very similar to those exhibited by pyruvic acid: one emission in 3-MP
and two emissions in EPA. The (0,0) for emission in 3-MP is 
blue-shifted by 688 cm  ^ relative to pyruvic acid and in EPA by 
656 cm If the red band of pyruvic acid is really the solvent-bonded 
species, then that species for pyruvamide is much more prevalent be 
because the two (0,0) bands are of almost equal intensity. This 
would indicate a less stable hydrogen-bonded structure for pyruvamide 
relative to the acid as expected. The lifetimes of these emissions 
is about 1 msec.
Oxamic acid and ethyloxamate.--The hybrid of oxamide and 
oxalic acid is oxamic acid. The physical properties of oxamic acid 
are much more like oxamide than oxalic acid , i.e. , the molecule 
decomposes at its melting point of 210°C and is quite insoluble in 
most solvents. Ethyl oxamate presents a lower melting point of 115°C 
with no decomposition and much better solubility behavior.
Table 28 summarizes the absorption properties of oxamic 
acid and its ester. Both compounds liave weak absorption bands
Figure 37. Emission spectra of pyruvamide at 77°K. [Solid line is 
in MCH, short-dashed line is emission spectrum excited 
at 330 mp in EPA and long-dashed line is spectrum 
excited at 370 mp, in EPA. ]
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TABLE 27
ABSORPTION AND EMISSION PROPERTIES OF PYRUVAMIDE
Absorption: 
Solvent
MCH
Water
Range (mp)
375 to 300 
290 to 265
260 to 200
A. (rap) 
max
361
284£
271£
225
340
223
182
max  ^
(liter mole cm )
21
2000
Emission:
Solvent
MCH
max
(mp)
428
461
498
Shoulder
b77°K
'(0,0) band
205
TABLE 28
ABSORPTION PROPERTIES OF OXAMIC ACID AND ITS ETHYL ESTER
Compound Solvent X (mp.) 
max
€max -1 -1 
(liter mole cm )
Oxamic Acid water 260 28
4550 at 185 m|ji
isopropyl 265a -
alcohol ~  212a -
Ethyl Oxamate water 270a 
208a 
~  185
20
3400
5000
acetonitrile 210 
187. 5
2800
4300
cyclohexane^ 210a -
a Shoulder.
^Approximately a saturated solution.
206
 ^€max ^  ^  liter mole ^cm in the region beginning about 310 mp, as 
shown in Figure 38. The band is unstructured in the polar solvents 
used for absorption studies. The absorption for oxamic acid is 
different for water than for less-polar solvents. After the first 
band, the absorption increases monotonically to 185 mp- where 
e 4550 liter mole ^cm On the other hand, a saturated solution of 
oxamic acid in isopropyl alcohol shows the appearance of a band at 
~  212 mp,. Similar behavior is found for pyruvic acid.
This behavior is to be contrasted to ethyl oxamate. In 
water, a distinct band maximizes at about 210 to 205 mp, with 
e ~  3400 liter mole ^cm \  and another band appears to maximize in 
the region of 185 ~  i80 mp, with e ~  5000 liter mole ^cm This 
behavior is repeated in acetonitrile and cyclohexane except that the 
maximum of the initial strong band is at 210 mp, in both solvents.
Again, similar behavior is found for methyl pyruvate.
The interpretation of this behavior is not obvious. Although
*
it is tempting to involve ionization, the fact that the tt «- n 
transition is essentially unchanged in intensity and energy for both 
ethyl oxamate and oxamic acid is difficult to explain. Intramolecular 
hydrogen bonding might be proposed considering only the oxamic acid 
information. The absorption shifts noted for pyruvic acid would appear 
to rule this out and to favor ionization.
Both oxamic acid and its ester appear to be emissive, but 
the intensity of the emission is so weak that characterization is 
difficult. The insolubility of oxamic acid also hinders investigation.
Figure 38. Absorption of oxamic acid and ethyl oxamate in water. [Solid line is ethyl oxamate spectrum; 
dashed-line is oxamic acid spectrum.J
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The only indication of emission is the appearance of a shoulder to 
higher energies of solvent emission at certain excitation wavelengths. 
The shoulder is in the appropriate region of oxamide and oxalic acid 
emission, i.e. , 350 to 400 my,.
The intensity of the weak emission band is hardly enough 
evidence for an assignment; however, it is enough to indicate that the 
emission is much more closely related to oxamide luminescence than to 
that of oxalic acid.
Experimental Correlations of q'-Dicarbonyls and Oxamide
The emission of all the cy-dicarbonyls, with the exception of 
oxamide and oxamic acid, have the following properties:
(i) Phosphorescence decay times are consistently about 
1 to 2 msec.
(ii) Although the relative intensities vary from molecule to 
molecule, overall the emissions may be described as intense.
(iii) The Franck-Condon pattern for all emissions is a basic 
three to four banded system with an intense well-defined (0,0) peak.
(iv) Singlet-triplet energy separations average about 
3000 cm \  ranging from 2200 to 4000 cm  ^ (see Table 29).
Oxamic acid and oxamides cannot be termed typical 
ry- dicarbonyl s. The most obvious difference is the intensity of the 
emissions of these two compounds. The emission of oxamic acid is so 
weak that it cannot be characterized. Although the oxamide emission 
is more intense, it still must be termed weak. The vibrational 
structure of the luminescence is a series of ill-defined shoulders.
210
TABLE 29
SINGLET-TRIPLET SPLITTINGS FOR o-DICARBONYLS
q-Dicarbonyl S-T Split (cm Method of
Calculation
Glyoxal 2776h a
Biacetyl 24521 e
30671 b
3206j , k f
2892J ’1 c
Oxalyl Fluoride 3503m a
Oxalyl Chloride 2822m a
2484 d
3154 c
Oxalyl Bromide 3433m a
Pyruvic Acid 3640 c
Methyl Pyruvate 3113 c
Methyl Trimethylpyruvate 2813 d
Pyruvamide 2952 c
( c o c i ) ( cooc2 h5) 4056 d
Oxalic Acid 2199n g
2846n c
Dimethyloxalate 2543n c
2658° b
Di-ri-propyloxami.de 4056 c
3527 d
3984 c
TABLE 29--Continued
energy: vapor, RT, (0,0) absorption;
energy: vapor, RT, (0,0) absorption.
bSl energy: crystal^ 77 or 4.2°K, (0,0) absorption
T^ energy: crystal, 77 or 4.2 K, (0,0) emission.
CS^ energy: vapor or solution, RT, (0,0) absorp­
tion; T^ energy: solution, 77 K, (0,0) emission.
^S. energy: solution, 77°K, (0,0) phosphorescence
excitation; T^ energy: solution, 77°K, (0,0) emission.
eSl energy:Q crystal, 4.2°K, (0,0) absorption; T^
energy: crystal, 4.2 K, (0,0) absorption.
fSl energy: solution, RT, ~  (0,0) absorption; T^
energy: solution, RT, (0,0) sensitized phosphorescence.
energy: (0,0) phosphorescence excitation; T^
energy: (0,0) phosphorescence excitation.
bG. Herzberg, "Molecular Spectra and Molecular 
Structure. III. Electronic Spectra and Electronic Structure 
of Polyatomic Molecules," D. Van Nostrand Company, Inc., 
Princeton, New Jersey (1967), p. 635.
LJ. W. Sidman and D. S. McClure, J. Am. Chem. Soc.. 
Us 6461 (1955).
^L. S. Forster, J. Am. Chem. Soc., 1417 (1955).
^M. Almgren, Photochem. Photobiol., 829 (1967).
^H. H. Richtol and F. H. Klappmeier, J. Chem.
Phys.. ££, 1519 (1966).
"Hv. J. Balfour and G. W. King, J. Mo l . Spectry. ,
130 ( 1 9 6 8 ) .
nil. J. Maria and S. P. McGlynn, J. Mol . Spectry. , 
177. (1972); Ibid. . in press.
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The Franck-Condon maximum is at the third band, and the apparent (0,0) 
band is weak. The 0.01 sec lifetime of oxamides is also atypical of 
o'-dicarbonyl s. The 3500 to 4000 cm  ^ S-T split of dipropyloxamide 
should not be considered unusual for cr*dicarbonyls, although it is 
significantly larger than its nearest relative, the oxalic acids 
(2200 to 2800 cm ^). However, the 5000 to 6000 cm  ^ S-T split of
the cis oxamide is definitely abnormally large.
As before, a definite assignment of the triplet state of 
trans oxamides cannot be made with the existing experimental
information. The strongest statement one can make is that the emission
3 1 *
is not the typical A^ A^ (Tf n) emission of an rr-dicarbonyl.
Is this the only excited state property of oxamides which is
unusual? The correlation of the two lowest singlet state energies and
the triplet state energies as shown in Figure 39 provides an answer to
this question. Dipropyloxamide, and oxamides in general, have the 
1 *
lowest-lying rrrr state of the symmetric crdicarbonyls, lower by
almost 1 eV.
1 *
The consequences of a low-lying tttt state in oxamides can 
lead to one explanation of the unusual emission properties of this
o'-dicarbonyl. The most straight forward explanation is that the
3 * 3 *
emission is from a tttt , not a nTT state. If this is the case, then
1 *
the S-T split calculated from the tttt gas-phase maximum and (0,0) of 
the emission is ~  19000 cm This value appears too large. However, 
let us compare it to the S-T split of 2,3-dimethyl-1, 3-butadiene, one 
of the members of the 34 valence electron series. This molecule is
Figure 39 Correlation of excited state energies of symmetric
Q'-dicarbonyls. * energies are absorption maximaJ mr
the vapor, * energies are (0,0) energies of
nn
3
absorption of crystalline samples and T are (0,0)
o
energies of emission in EPA at 77 K.J
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analogous to biacetyl except that the MO description at the 
carbonyl-oxygen center has changed from 1 a electron and 5 n electrons
in biacetyl to 5 a electrons and 1 n electron in butadiene. The S-T
1 * -1 
split can be calculated f r o m  the tttt m a x i m u m  in h e x a n e  (44300 cm )
and the (0,0) of the T^«~ SQ absorption (2100 cm *) observed by the
oxygen-perturbation method. These values give an estimate of 23000cm
(2.85 eV) for the S-T split. The measured difference of 19000 cm ^
for oxamide compares quite well. The butadienes do not emit, nor does
acrolein, the hybrid of butadiene and glyoxai.
3 *
From the above discussion, a lowest Tin state is a
possibility for the oxamides. The S-T split appears to be reasonable.
The non-emissivity of amides and butadiene and the very weak emission
3 *
o f  a c r o l e i n  could be used as e v i d e n c e  that the state, if tttt, w o u l d
exhibit a weak emission. In this case, the oxamide lifetimes now
would have to be considered too short or at least non-decisive.
One other possibility that should be considered is that the
3 * 3 *
emitting state is of a mixed ntr / tttt nature. What are the conse­
quences of such a hybrid? First, and most important, the lifetime is
3 *
expected to be intermediate in value to those expected for pure n^
3 * j
or Tin states. Thus, a lowest tttt state having a small amount of 
3 *
n tt character will have an emission with a shorter decay time than 
expected. One of the criteria for mixing is the energy separation of 
the states. Another factor is needed for an adequate vibronic mixing. 
Such interaction depends on the availability of an appropriate 
non-totally symmetric vibration which induces mixing. The first
216
criterion is met by oxamides as seen in Figure 39. The second demand 
also appears to be met. The interpretation of Maria and McGlynn (101)
on the absorption of oxalic acid and its methyl ester involves vibronic
1 * 1  1 * 1  
mixing between nn ( A ) and tttt ( B ) states via a b vibration of a
u N u g
frequency of about 500 cm Coupling in the triplet manifold also is 
expected using the same vibrational mode. The crystal absorption of 
dipropyloxamide is quite analogous to that of DM0. If the results of 
Maria and McGlynn are correct, then the similarity of the absorption 
spectrum of oxamides and DM0 indicates a similar vibronic mixing for 
both molecules.
This interpretation appears to explain oxamide emission. The 
problem now is to verify the idea. Another property to be expected 
from heavily-mixed states is a solvent dependence of the phosphorescence 
lifetime. For example, Li and Lim (136) have studied the emission of 
£-methylacetophenone. They found that the lifetime increased from 30 
to 70 to 330 msec in going from 3-MP to EPA to ethylene glycol/water
(1:1). Their conclusion, based on polarization data, was that the
3 *
lowest triplet is tttt . Unfortunately, the low solubility and low 
emission intensity of oxamides limits the solvents one may use. For 
dipropyloxamide, the decay times were 12.6, 11 and 10 msec for the 
solvents EPA, mixed alcohol and ethanol. The change is almost within 
the experimental error of measurement and is also in the wrong 
direction. The test is built on the assumption that the states will 
shift with the solvent change and in different directions; however, 
the emission (0,0) band of dipropyloxamide remains at the same energy
217
in EPA and mixed alcohol. Thus, the changes of solvent polarity arc 
not drastic enough to cause any large increase in the emission lifetime 
and the results are best considered as yet another indecisive answer.
CHAPTER V
OTHER AMIDE-CONTAINING COMPOUNDS 
Self-interaction Amides
Acyl Hydrazines
A considerable amount of structural information on acyl 
hydrazines derives from NMR, IR and ''-ray diffraction studies. 
Although the parent compound, hydrazine ( N ^ ^ j has a skewed 
structure (trans. 60° out-of-plane), both N , N 1-diformylhydrazine 
and N,N'-diacetylhydrazine are trans planar in the solid state as 
shown by X-ray diffraction experiments (138,139). The bond lengths 
and bond angles for the -CONH- units of these molecules are 
essentially those of simple amides (140-44). The nitrogen-nitrogen 
bond in both compounds is somewhat shorter than the 1.46 to 1.47 X 
length of crystalline hydrazine (144), suggesting a conjugation 
effect (2). Tomiie (2) estimates this interaction to be less than 
4 kcal/mole, and suggests that the small energy may explain the 
non-polarity (trans. 45° out-of-plane) of the N,N'-diacetylhydrazine 
monohydrate in the solid state.
NMR date (22,145,146) indicates that the 1,2-dimethyl- 
1,2-d iacetylhydrazine is sterically hindered such that the molecule 
is twisted about the nitrogen-nitrogen bond and that a significant 
hindrance of rotation exists about the carbon-nitrogcn bond of the 
amide groups.
218
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IR studies have been carried out on many acyl hydrazine
derivatives including formylacetylhydrazine and various sodium salts
of diacyl hydrazines (12,147,148). The characteristic IR vibrational
frequencies of amides have been shown to be very similar to those of
N,N'-diforrayl and N,N'-diacetylhydrazine (12,148).
Only two references exist on the excited electronic states
of diacylhydrazines. One is an early paper by Yamada and Tsuchida (149)
on the polarized UV absorption of N,N'-diformylhydrazine. The other
reference is by Tomiie (2). He used a simple MO approach to explain
the data of Yamada and Tsuchida and his own X-ray structural
information (2,138). Yamada and Tsuchida's spectra consist of one in
which the electric vector is essentially in the molecular plane (the
parallel spectrum) and one in which the electric vector is substantially
out of the molecular plane (the perpendicular spectrum). From this
data and his MO cal culations, Tomiie concludes that the stronger
1 *
parallel absorption is to a rm state and the stronger perpendicular
1 *
one to a n tt state and that the corresponding, very weak bands are
possibly the associated triplets (2)-
N,N'-Diacetylhydrazine has been prepared and its absorption 
examined in water, ethanol and acetonitrile. It exhibits a very weak, 
unstructured band in the region 335 to 265 mp. with an extinction 
coefficient of approximately 0.5 liter mole '’cm ^ in acetonitrile.
This is the same region in which Yamada and Tsuchida's (199) very
weak bands were located in N,N'-diformylhydrazine. The region from
220
260 to 205 mp. contains another band (e ~  1000 liter mole ^cm
max
which is a shoulder in water and somewhat better defined in ethanol
and acetonitrile. Finally, a more intense band maximizes in water
at about 185 mu (e ~  2800 liter mole ^cm *"). The vapor spectrum
max
of N,N1-diacetylhydrazine in the vacuum UV region is very simple. A 
very broad band extends from 230 to 195 mu and is followed by a 
slightly more intense band which maximizes at 179 mu- After this 
absorption, the intensity continues to increase to 1200 % without 
any distinguishing features. Table 30 presents N,N'-diacetylhydrazine 
absorption data.
-2 -1
N,N -Diacetylhydrazine (4 X 10 mole liter ) in mixed
alcohol exhibits no luminescence at maximum-sensitivity experimental 
settings.
Acyl Ureas
Structural determinations have been carried out for two 
cyclic acyl ureas, dihydrothymine (150) and dihydrouracil (151). 
Although the ring system as a whole is non-planar, the acyl-urea 
portion is planar in both compounds.
The acyl-urea unit is capable of tautomerism. Ultraviolet 
absorption properties have been used to study this problem with
Vo
emphasis being on the intense t t  *- t t  band (152). The solvents used—
water and alkaline solutions— do not provide results useful in 
1 *
locating nn states. For this reason, the absorption spectra of 
several acyl ureas have been remeasured and the results given in 
Table 31.
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TABLE 30
ACETYLHYDRAZINE ABSORPTION PROPERTIES
Solvent Range
(mp.)
max
(mp,)
e (liter mole c^ra 
max
Water 325 to 265 285a 0.56
240 to 205 only slight 
indication of 
band
187
658 at 210 mp, 
2800
Vapor 230 to 195 
195 to 160
210.0
179.0
Ethanol 320 to 270 -- ~  0.35
250 to 210 a 1300 at 220 mp,
---- ---- 5000 at 200 mp,
aShoulder.
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TABLE 31
ABSORPTION PROPERTIES OF ACYLUREAS
Compound Solvent Region(mp,) X
max
e
max-l -1
(mp.) (liter mole cm )
Acetylurea Ethanol 260 to 223 ~  235a
6240
- 78
Ethanol 215 to > 190 192. 5
S192.
- 1400
Dihydrouracil Acetonitrile 265 to 235 a --
Hydantoin Ethanol 260 to 237 a
®245
30
Ethanol 235 to 197 204 3500
Water No shoulder apparent
Water 235 to 196 204 3700
Water 196 to > 185 -
6185 - 11700
Shoulder.
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Acetylarea and hydantoin show definite shoulders in the
region 260 to 230 mp of the appropriate intensity for an tt ♦- n
transition. Figure 40 shows the appearance of the shoulder for
hydantoin as the solvent is changed from water to ethanol. A second
band with a maximum about 204 mp is of sufficient intensity to be a 
ie
tt ♦- tt transition, especially since it appears to red shift slightly 
in going from ethanol to water. This band is a shoulder to what
■k
surely must be a n «- tt absorption because its intensity at 185 mp 
is about 12000 liter mole ^cm
The UV and CD spectra of the acyl urea, spirobihydantoin, 
have been reported (154). The molecule is apparently a rigid 
structure containing two hydantoin units fused at the methylene 
carbon and thus perpendicular to one another. In tetrahydrofuran, 
the UV spectrum shows bands or shoulders at 252, 213, and 185 mp 
with extinctions of ~  250, 4000, and 20000 liter mole ^cm ^, 
respectively. The CD spectrum indicates five bands in ethanol with
maxima at 249, 232, 214 and 197 mp and an apparent maximum at 185 mp.
*
Apparently, the first two bands are n «-n transitions from their
1 *
solvent-shift behavior. The other bands are assigned to tttt states 
because of their slight solvent red shifts. The last two bands are 
interpreted as exciton components.
— 2
Hydantoin in mixed alcohol at 77 K (cone 1.1 X 10 
mole liter exhibits a very weak, wavelength-dependent emission of 
lifetime approximately 0.1 to 1 sin in the region of 420 mp. As with
Figure 40. Absorption spectra of hydantoin in water and in 
[Ethanol spectrum is solid line; water spectrum 
dashed line. ]
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other such extremely weak emissions, one has to conclude that the 
emission is most probably impurity.
Stepwise-interaction Molecules 
Included in this category of amide-containing molecules 
are those with an amide group in interaction with a carbonyl or an 
amino group. Ureas and imides will be presented here; pyruvamide was 
discussed as an a-dicarbonyl.
Ureas and Thioureas
X-ray diffraction studies of urea and thiourea indicate that
the molecules are planar in the crystal (155). There is some evidence
for non-planarity in thioureas with tetraalkyl substitution (22, 157)
because of steric hindrance.
Absorption data for urea is essentially nonexistent. From
the one reference available (158), the onset of absorption
(e > 5 liter mole ^cm ^) is about 215 mp with intensity increasing
to 180 mp. where e is about 4000 liter mole ^cm A hint of a shoulder
is suggested between 185 to 180 mp,, and perhaps even in the 215 to
200 mp, region. The tt *- n transition thus lies at wavelengths greater
*
than 215 mp and perhaps the tt ♦- rr transition has a maximum at 180 mu. 
From absorption in trimethylphosphate, Rosa and Simpson (3) report the 
maximum at 172 mp.
The thio-derivatives of urea have transitions red-shifted 
to accessible regions of the spectrum (157,159,160). In most cases,
227
the n'n' state is now represented by a well-defined shoulder
- 1 -1 *
(e ~  100 liter mole cm ) occurring about 280 to 290 mp,. The tt «- rr
transition appears in the region 240 to 250 mp. The intensity
(e > 10000 liter mole '‘cm and a polarized absorption study (161)
make this a secure assignment. Another intense band occurs below
■*
195 m p  and is also assigned as a tt «- tt transition (161).
As concluded in Chapter II, neither urea nor thiourea 
can be considered to have a detectable phosphorescence.
Imides
More information is available on the absorption and 
emission of imides than is available for ureas, but a definite or 
complete description of the lowest excited states is still lacking.
As in the study of o^dicarbonyl compounds, various rotational isomers 
are possible. The free iraide can adopt three different conforma­
tions (162,163) as shown in Figure 41. Each of these may be planar 
or non-planar depending on the alkyl substituents. The conformation 
problem may be simplified by studying cyclic derivatives shown in 
Figure 41. N-Acyllactams (IV,V) completely eliminate the cis-cis 
conformation for study. The imide unit also may exist in various 
tautomeric forms, complicating the structural problem even more. 
Studying only N-alkylderivatives can eliminate the tautomerism 
problem but may introduce the additional problem of stcric interaction. 
A study of imides can be formidable indeed.
The absorption data tliat is available is given in Tabie 32.
A weak band is apparent at 250 mp lor N-ethyldiucelamtde (163).
Figure 41. Conformations of imides. [Conformations are relative 
the carbonyls and the R substituent at the nitrogen. ]
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TABLE 32 
ABSORPTION OF IMIDES
Compound Solvent Region X
max
(mu)
e
max  ^  ^
(liter mole cm )
N-Ethyldiacetamide 3-MP 288 to 240 '"'■250 --
230 to 200 213 --
N-Methyldiacetamideb hexane -216 --
N-Methyldiformamideb ~207
SuccinimideC water 274 to 227 237 100
hexane 191 15000
N-Methylsuccinimideb hexane 206
Glutarimide^ hexane 198 13000
aL.-T. Cheng and R. V. Nauman, unpublished results.
bC. M. Lee and W. D. Kumler, J. Am. Chem. Soc., 571
(1962).
CJ. Schurz, A. Ullrich and H. Bayzer, Monatsh.. 29
(1959).
bD. W. Turner, J. Chem. Soc., 4555 (1957).
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For succiniraide, the band appears at 237 mp, in water and 245 mp, EPA
o *
at 77 K, thus exhibiting the solvent shift expected for tt ♦- tt
transition is at about 213 mp, for N-alkylated, acyclic imides. For
the 5-member cyclic imide, the intense band is at 191 mp and is
shifted to 206 mp by N-methylation as expected. Glutarimide, a
6-member ring, has its intense band located at 198 mp. This red
shift relative to succinimide has been attributed to a twisted
carbonyl-nitrogen bond in the 6-member ring (1) relative to a planar
5-member ring of succinimide.
Both the acyclic and cyclic imides exhibit emissions at
low temperatures. No really convincing interpretation of the
emissions is available. The emissions for N-ethyldiacetamide
observed by Chen and Nauman (163) in the region from 450 to 516 mp
are composite. They interpret the emissions as a fluorescence and
two phosphorescences, the fluorescence and one phosphorescence being
3 *
weak. The intense phosphorescence is seen originating from nTT
state of a non-planar, trans-trans conformation having an 
3
sp -hybridized nitrogen. Unfortunately, no lifetimes are available
to confirm the orbital nature of the state. The weaker phosphorescence
3 *
i s  thought to originate from a tttt state of a planar cis-cis or 
cis-trans conformation. The predominant species observed in absorption 
also in considered to be the non-planar trans-trans form.
A'
Considering the large split for the nTT configuration implied 
in the interpretation (about 10000 to 12000 cm and the lack 1 of 
lifetimes to differentiate fluorescence and phosphorescence, the above
232
picture is just not convincing. An explanation involving different
geometries in ground and excited states similar to that proposed for
a-diketones might be possible.
The data available for emission from cyclic imides is
almost as confusing. Hughes (166) has reported emissions from
succinimide, N-methylsuccinimide and glutarimide, all in the region
355 to 430 mp,. The emission is of weak to medium intensity and has
two bands at about 371 and 385 mp. The excitation spectra for
these emissions overlap the emission and have maxima at about 352 mu.
The excitation spectra are explained as singlet-triplet absorption.
The observations of Seliskar (167) appear to substantiate this
interpretation. A structureless emission for N-methylsuccinimide
in the same general region having a maximum at 400 mp was excited in
the region of the observed transition. I have found that the lifetime
of this emission is 1.5 msec in mixed alcohol at 77°K.
The lifetime of the emission establishes definitely an 
3 *emitting n T T  state. A minimum S-T split calculated from the onset
of Seliskar's excitation spectrum and emission gives 5500 cm Using
the onsets of the low-temperature absorption and emission spectra
of Hughes (166), one calculates an S-T split of ~  9500 cm These
1 3  *
energy differences are too large for the usual ’ n T T  separation.
Complex Molecules 
As indicated in Chapter I, a complex molecule is an 
amide-containing molecule more complex than a self-interaction amide
233
or one which contains an amide unit in interaction with a group 
other than carbonyl or amine.
Parabanic Acid
Replacement of the group in hydantoin with a
carbonyl unit gives parabanic acid, or from another viewpoint,
replacing the unit of 2,3 diketopiperazine by a carbonyl
group gives the same molecule. Whatever the attitude preferred, a
planar, C compound is formed. The crystal structure of the mole- 
2v
cule (168) is given in Figure 42. The bond lengths of the oxamide 
portion are indeed very similar to those of oxamide itself; in fact, 
the carbon-carbon bond between the carbonyls is essentially the same. 
The X-ray diffraction study appears to be the only pertinent infor­
mation available for parabanic acid.
There are three bands evident in the solution absorption 
spectra as shown in Figure 43. The first band, from the data of
in
Table 33, appears to be a tt «- n transition from its intensity
-1 -1
(e < 100 liter mole cm ) and its slight blue shift from ethanol
Yr
to water, although a tttt classification appears reasonable. The
intensity of the third band (e ~  13000 liter mole ^cm J max
classified it as tttt , although there is a slight red shift instead 
of a blue shift from ethanol to water.
Parabanic acid emits very strongly from glassy solvents
o
at 77 K. The (0,0) bands in both mixed alcohol and EPA are at about 
3 57 mp,, the spectrum being better resolved in EPA as shown in 
Figure 44. The contour of the emission is a well-defined system
Figure 42. Crystal structure of parabanic acid. [Figure is based 
on information in Ref. 168. ]
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Figure 43. Absorption of parabanic acid in water and ethanol.
[Water spectrum is solid line; dashed line is ethanol.j
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TABLE 33
ABSORPTION AND EMISSION PROPERTIES OF PARABANIC ACID
Absorption:
Solvent Region (mp,) K (mu) e (liter mo!
max max
Water 340 to 285 ~  300 96
285 to 243 ~  252a 1500
243 to 185 211 13700
EtOH 345 to 293 312 58
285 to 241 ~  2503 1400
240 to 190 213 13200
Acetonitrile 340 to 287 312 57
280 to 237 ~  248a 1400
235 to 1* 190 212 13000
. . b
Emission:
Solvent (0,0) Energy t  (msec)
Mixed Alcohol 28000 cm 1 1.8
EPA 28011 cm"1 1.5
aShoulder. 
bAt 77°K.
Figure 44. Absorption and emission of parabanic acid. [Absorption is in acetonitrile at R.T. 
is from EPA glass at 77°K and the intensity is in arbitrary units. ]
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of three to four bands with a strong (0,0) band. In EPA, a 600 to
700 cm  ^ vibration is active in the emission spectrum. The lifetime
of the emission is 1.8 msec in mixed alcohol and 1.5 msec in EPA.
From the (0,0) energy in EPA and the partially resolved first band
in acetonitrile, an S-T split of ~  2770 cm  ^ is calculated. This
3 *
description of the emission of parabanic acid is that of a n T T  state, 
but most important, that of the typical ->-dicarbonyl.
Uracil
The experimental information concerning the excited state
properties of uracil is profuse. However, only the energies and
assignments of the states of the singlet manifold and the lowest
triplet state shall be of concern. All absorption bands have been
assigned as t t  « -  t t  transitions (169,170). No experimental evidence
1 *
has established the energy of the lowest ntr state (171,172,173).
By substituting optically active sugar groups at various 
positions of the uracil ring, CD spectra may be obtained. D. W.
Miles et al. (169) have made an extensive study of such derivatives. 
They obtain CD bands in the general regions of the three UV absorption
bands and a fourth band in the 237 to 247 mp, region. This band is
* 1 1  
assigned as a tt «- tt transition also and correlated to the
transition of benzene. They conclude from a careful solvent-shift
/V
study of the CD absorption spectra of these derivatives that no tt ♦- n 
transitions are detectable.
242
Luminescence studies (174,17 5) indicate that uracil and 
its derivatives do not phosphoresce at low temperature, although a 
very weak fluorescence at about 315 mp, has been detected for 
uracil (176).
socyanates
An extension ad infinitum of the self-interaction of two 
amides exemplified by acetylurea gives a polymer such as poly(n- 
butylisocyanate). Rather unusual properties for this molecule have 
been discovered, a review of which can be found in Troxell and 
Scheraga (177). The polymer has a very rigid, rod-like structure 
which is helical, a very unusual situation for a system that cannot 
form the intramolecular hydrogen bonds usually associated with such 
molecules. This structure is the same in the solid phase and in solu­
tion. All evidence supports a configuration of the polymer represented 
as a repeating unit of the structure of Figure 45 in which small rota­
tions about the C-N bonds relieve the steric interaction of the n-butyl 
and carbonyl groups.
The absorption properties of polyisocyanates as determined
by three techniques are given in Table 34. UV absorption (177) shows
two bands of about equal intensity (e 4000 to 5000 liter mole^cm^)
n J max
at about 250 mp, and about 200 mp,. The lower-energy band is broader 
than the other and has a high-energy asymmetry suggesting a shoulder.
Goodman and Chen (178,179) have synthesized and studied two 
optically active polyisocyanates, one involving an aromatic N-substitu- 
ent and the oilier an aliphatic one. In both cases, a strong Cl) band
Figure 45. Structural units of polyisocyanates, [u^ and it are 
rotation angles defining the configuration of the 
polymer. See text for explanation of transition vectors. 
This figure is based on information found in Ref. 177. i
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TABLE 34
POLYISOCYANATE ABSORPTION PROPERTIES
Compound Solvent
\
max
( m p . )
e
max  ^  ^
(liter mole cm )
UV Absorption:
Poly(n-butyliso- cyclohexane3 249 ~  4700
cyanate) cci.a,b ~  251 —
CHC1 ~  254 _
3 b
Solid film 253 c
198 c
d 6
Molar ellipticity
CD Absorption: *
Poly[(+)-2-phenyl- CHC10 280 +1000
propy1isocyanate]
■J
252 -28000
Poly[(s)-(+)-2-methyl CHCl_ 253 +12900
butylisocyanate]
J
ED Absorption:
Poly(rt- butyl iso­ cyclohexane 249f
cyanate)
~  2078
T. C. Troxell and H. A. Scheraga, Macromolecules. 4, 528
(1971)«
This work.
Q
The intensity of both bands is approximately the same.
^M. Goodman and S. Chen, Macromolecules. 3^ 398 (1970).
C Ibid., Polym. Prepr.. Am. Chem. Soc.. Div. Polym. Chem.. 
12, 224 (1971).
^Strong, positive ED absorption.
^Wcak, positive ED absorption.
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was observed in the 250 mp, region followed by the beginnings of another
~V
band at higher energies. They assign the 250 mp, band as a tt + n excita­
tion based on the fact that the transition is not observed for the ali­
phatic polymer in concentrated sulfuric acid. Although considering 
the polymer main-chain to be urea-like, they chose as a model compound 
(S)-(-)-N,N-diacetyl-2-methylbutylamine, i.e., an N-substituted imide. 
This compound has a weak CD band at 250 mp, (Ac = +192). The CD absorp­
tion reported is in the same region as the transition observed by 
Nauman and Cheng (163) for N-ethyldiacetamide. Whether or not this is 
a better choice of a model compound is another matter.
Troxell and Scheraga (177) have obtained electric 
dichroism (ED) measurements for poly(n-butylisocyanate). All positive 
ED absorption was obtained with maxima at 249 mp, and 207 mp,. As in the 
UV absorption spectrum, the first band is skewed at higher energies.
The weaker 207 mp, band is associated with the < 203 mp, band of UV 
absorption.
Theoretical considerations show that, for a helix, excitations 
to delocalized states (TT-electron delocalization or exciton coupling) 
cannot produce an all positive ED absorption spectrum. For this reason, 
Troxell and Scheraga (177) conclude that the polymer behaves as a col­
lection of independent chromophores. The nature of this chromophore, 
however, could not be determined.
These authors computed the structure of the polymer giving 
the minimum potential energy surface. In terms of the and angles 
described in Figure 45 (relative to - uo^  - 180°), structures with
247
minimum energy occur for left- and right-handed helices having
- ± 140° and ^ 20°. The directions of polarization of the
electronic transitions relative to the helix axis are 53 ± 2° and 
o
44 ± 1 . 5  for the < 203 mp, and 249 mp- bands, respectively. Assuming 
localized excitations, Scheraga and Troxell compared the various 
interatomic-distance directions of the calculated structure relative
to the helix axis with these measurements. The direction for the
o
C=0 bond is 58.5 and is correlated to the high-energy band; the 
direction perpendicular to C=0 in the "urea" plane is 37° and is com­
pared to the broad 249 mp, band. These results are used in the 
construction of Figure 4 5.
Troxell and Scheraga (177) consider several possibilities 
for the origins of the polymer transitions but discard all in favor of 
an intramolecular CT transition from nitrogen to carbonyl, the units 
involved being separated in the chain by an amide group.
Emission studies have been carried out for PBIC. A very 
weak emission is detected in the region 425 to 450 mp, having a long 
lifetime and excitation maximum at about 280 mp,. Unfortunately, the 
emission is excitation-wavelength dependent. As with the very weak 
emissions detected for amides, the conclusion is that the emissions are 
most probably impurity derived.
Aromatic Amides
The excited state properties of a large number of aromatic 
amides have been investigated. As shown in Table 35, Llie derivatives 
of both benzene and naphthalene fluoresce and phosphoresce, the
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TABLE 35
EMISSION PROPERTIES OF AROMATIC AMIDES IN EPA AT 77°K
Substituent Fluorescence Phosphorescence $ /$, t (sec)
(0,0)_
(cm
£and (0,0) band 
) (cm )
P i P
Benzene:
-CH3 37200 (abs.)3 28920b 0.94° 8.8b
-CH2CONH2 37200 29030 P> F 2.7
-CONH2 35900 (abs.) 27540 P » >  F 1.1
-CH3, -CONH2 (£-) 35080 (33400 max) 27010 P »  F 1.2
-CH3> -CONH2 (m-) 34360 (33280 max) 26870 P »  F 2.5
-CH3 , -CONH2 (o-) ~  35590 (33780 max) 27690 P »  F 0.6
-NHCOCH3 35300 27360 P> F 2.4
Naphthalene:
-H 31750 21295 F > »  P 2.3
i- c h 3 31500 (abs.)a 21000b 0.053d —
2-CH3 31300 (abs.)a 21300b — —
i -c o n h 2 31360 20880 F >  P 1.3
2-CONH2 29940 20830 F > »  P 1.7
1-NHCOCH
3
30883 20290 F> P 1.1
2-NHCOCH3 30110 21250 F »  P 2.0
9-Phananthramide 28620 21240 F >  P 1.9
249
TABLE 35— Continued
J. B. Birks, "Photophysics of Aromatic Molecules," 
Wiley-Interscience, New York (1970), Table 3.1.
b
Ibid., Table 6.3.
°S. P. McGlynn, T. Azumi and M. Kinoshita, "Molecular 
Spectroscopy of the Triplet State," Prentice-Hall, Inc., Englewood 
Cliffs, New Jersey (1969), Table 6.15.
d Ibid., Table 7.3.
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phosphorescence decay times being quite long. This behavior is in
marked contrast to that observed for the amide-containing molecules
discussed previously. The luminescence from these molecules was found
to be weak or non-detectable except for parabanic acid and pyruvamide
which both exhibit a strong, but short-lived phosphorescence. While
3 *
these latter emissions are characterized as originating from nTT
states, the phosphorescence of aromatic amides must be described as
3 *
originating from nrr states.
The difference in triplet state properties of aromatic amides
and other amide-containing molecules appears to be the dominance of the
aromatic moiety in determining the character of the emissive state.
Besides the long-lived phosphorescence, aromatic amides have emission
energies and even relative yields ($ / )  which correlate very strongly
P
with those of the parent aromatic ring system.
Although Kanda et a l . (180) has concluded that the amide 
group in benzamide has a negligible effect in the determination of the 
molecule's triplet state character, the results for the aromatic amides 
of Table 35 support a different conclusion.
Benzene derivatives.--Fluorescence and phosphorescence ener­
gies are lower in energy for benzene derivatives than for the parent 
compounds. There are two comparisons to be made for the benzene deriv­
atives. One is the difference between the molecules having amide 
bonded at the nitrogen (acetanilide) and bonded at the carbonyl carbon 
(benzamide). While the red shifts in fluorescence and phosphorescence 
energies relative to toluene are approximately the same for the two
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compounds (acetanilide is somewhat lower), the relative emission yields 
and lifetimes of these two compounds are quite different. In benzamide 
essentially only phosphorescence is observed, and the decay time is 
substantially shorter than toluene or phenylacetamide. On the other 
hand, the phosphorescence and fluorescence emission yields for 
acetanilide are approximately the same as are the yields for the 
parent compounds. The lifetime of acetanilide also is similar to that 
of phenylacetamide. As shown in Figure 46, the phosphorescence emis­
sion profiles of benzamide and acetanilide are quite similar, each 
being a less-resolved duplicate of phenylacetamide which is red- 
shifted.
Another set of compounds to be compared are benzamide and 
its three methyl derivatives, i.e., the toluamides (see Figure 47). 
Except for the red shift of 3000 to 4000 cm  ^ in energy for the emis­
sions, benzamide and £-toluamide compare exactly in emission yields and 
lifetime. The vibrational structure of both is almost identical as 
shown in Figure 47. The m-derivative has its (0,0) energies red- 
shifted relative to the £-toluamide, and, while the phosphorescence 
profile is clearly related to benzamide, the resolution of vibrational 
structure is less. The lifetime is 2.5 sec, essentially that of phenyl­
acetamide and acetanilide, but the relative emission yields are identi­
cal to tnose of the final isomer, £-toluamide. This isomer has the 
methyl group next to the amide group, a situation surely causing severe 
steric interference. The significantly shorter lifetime and almost 
structureless emissions of o-toluamide relative to all other benzamide
Figure 46. Phosphorescence spectra of phenylacetamide, benzamide and acetanilide in EPA at 77 K.
Tphenylacetamide spectrum is short-dashed line, benzamide is solid line and acetanilide 
is long-dashed line.]
RELATIVE INTENSITY
CD
cn.
Figure 47. Phosphorescence spectra of toluamides in EPA at 77 K. [o-toluamide is short-dashed line, 
m-toluamide is long-dashed line and £-toluamide is solid line.]
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derivatives are indicative of this steric interaction. Still, the 
relative emission yields are almost identical with those of the 
m-isomer.
Naphthalene derivatives.--The 1- and 2-positions of naph­
thalene are non-equivalent relative to the peri-interaction expected 
for a substituent found at the 1-position and relative to the 
coefficients of naphthalene MO wave functions. This difference can 
be seen even in the energies found for 1- and 2-methyl derivatives as 
shown in Table 35. The singlet states are both lower than for naph­
thalene, with the 2-position having lowest energy. The triplet state 
energy is lower for the 1-derivative by about 150 cm \  but the energy
for the 2-derivative is almost unchanged relative to naphthalene. This
situation makes the S-T split for the 1-derivative 500 cm larger 
than for the 2- derivative. The fluorescence (0,0) energy of
1-naphthamide is essentially that found for the methylnaphthalenes, 
but the (0,0) band for 2-naphthamide occurs about 1400 cm  ^ lower in 
energy. However, both triplet state energies of the naphthamides are 
about 415 cm * lower than naphthalene or 2-methylnaphthalene. The 
lifetimes relative to the methylnaphthalenes are less for the amides, 
but the value for the 2-derivative is greater than for the 1-derivative
for the amides, just the reverse as found for the methyl compounds.
The relative emission yield of 2-nephthamide is like that of naph­
thalene, while the phosphorescence yield is relatively larger in
1-naphf haiuide.
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Figures 48 to 51 illustrate the emission spectra of the 
naphthamide and N-naphthylamides. As seen in Figure 48, the phos­
phorescence profiles of both the naphthamides are very similar to that 
of naphthalene. Both are less resolved than naphthalene, but the 
2-derivative is somewhat better resolved than the 1-naphthamide. On 
the other hand, the fluorescence profiles are drastically different. 
Figure 51 illustrates the spectrum of the 2-derivative as a four- 
banded system which may be correlated to unresolved naphthalene 
fluorescence. The fluorescence of 1-naphthamide is quite different.
It consists of five defined bands of essentially the same intensity. 
Although the vibrational separations may conceivably be correlated with 
those of naphthalene, the Franck-Condon profile is very different. To 
summarize, the 2-derivative has the lowest energy with a fluorescence 
profile similar to naphthalene. The 1-derivative has a fluorescence 
energy almost the same as 1-methylnaphthalene, but a profile quite 
different from that of naphthalene.
The experimental description of phosphorescence for 1- and
2-NHCOCHj derivatives is about the same as for the naphthamides: the
lifetime of 2- is greater than 1-; the relative emission yield of 
phosphorescence is greater for 2-; and the phosphorescence profiles, 
as seen in Figure 50, are approximately the same. The S-T split of
2-derivative is 2733 cm  ^ less than the 1-derivative. For the fluores­
cence, the spectrum of the 2-derivative is similar but better resolved 
than that of the corresponding naphthamide as seen in Figure 51. The 
1-derivative has a fluorescence profile different from both naphthalene
Figure 48. Phosphorescence spectra of naphthalene, 1-naphthamide and 2-naphthamide in EPA at 77 K.
[Short-dashed line is naphthalene spectrum, long-dashed line is 1-naphthamide and solid 
line is 2-naphthamide.]
R E L A T I V E  iN' l  E N S I T Y
Figure 49. Fluorescence spectra of 1- and 2-naphthamides in EPA at 77°K. [Solid line is spectrum of 
1-derivative and dashed line is the 2-derivative.]
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Figure 50. Phosphorescence of 1- and 2-naphthylacetamides in EPA at 77 ] 
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Figure 51. Fluorescence spectra of 1- and 2-naphthylacetamides in EPA at 77 K. [Spectrum of 
1-derivative is the solid line; the dashed line is the 2-derivative spectrum.]
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and the 1-naphthamide.
These results for the naphthalene derivatives suggest the 
following interpretation: the 1-derivatives are twisted in the ground
and possibly singlet excited state but emit from a planar triplet 
state. The results for the benzenes can be explained by excitation 
and emission from twisted conformations for j)-toluamide, but planar 
for others. The benzene results also suggest that the emission state 
is partially located on the amide.
Miscellaneous Complex Molecules
A summary of the scattered references that exist on the 
absorption of complex amide-containing molecules are given in 
Table 36. The structures of the molecules listed are found in 
Figure 52. All information given refers to the ketone forms of the 
molecules.
*
From such experimental data, the location of tt «- a transi­
tions is difficult since most of the workers were interested in the
■fc
intense tt «- tt transiiions. The weak band noted for cyanuric acid
i<
(181) would be a  rather dubious candidate for a tt «- n transition.
1 *
Biuret (182) does not appear to have a  detectable n tt state. How­
ever, the long tail detected in barbituric acid (183) might possibly 
be authentic. The band of "alloxan monohydrate", i.e., a substituted 
barbituric acid, has a band of appropriate intensity reported in the 
same general region (184). It is very obvious that cyanuric acid is 
quite different from the barbituric acids. The former lias no band
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TABLE 36
ABSORPTION OF SOME COMPLEX AMIDE-CONTAINING MOLECULES 
J.N WATER AT VARIOUS pH VALUES
Compound PH Range (mti) K
max
(mp.)
e
max  ^  ^
(liter mole cm
3
Cyanuric Acid 4.4 - 280
220 to 188b c 15000 at 188 mp,
Barbituric Acid^ 1 270 to 230 252 < 1000
225 to 205 208 12000
1,3-Dimethylbarbituric Acid^ 1 248 to 210 226 ~  8000
Barbital 1.3a 235 to 208 213 10000
207 to 188 194 24000
1.16e 246 to 230 c 250 at 240 mp,
1,3-Dimethylbarbital^ all onset ~  250 228 6200
values
"Alloxan hydrate"^ 4 287 to 260 268 ~  90
3
K. M. Sancier, A. P. Brady and W. W. Lee, Spectrochim. Acta. 
127 (1958).
bNo maximum to 175 mp, reported by E. N. Boitsov, A. I.
Finkel'shtein and V. A. Petukhov, Op t . Spectry.. 274 (1962).
c
No maximum apparent.
^J. J. Fox and D. Shugar, Bull. Soc. Chim. Belg., 44
(1952).
eI. M- Klotz and T. Askounis, J. Am. Chem. Soc., 6^, 801
(1947).
*"J. W. Patterson, A. Lazorow and S. Levey, J. Biol. Chem., 
XU, 187 (1949).
Figure 52. Structural formulae of some complex amide-containing 
molecules.
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detectable above 175 mp. (185,186) while even barbituric acid has an 
apparent tt «- n transition at 208 mp, (183).
No references to emission from these compounds are
available.
CHAPTER VI
CNDO/S CALCULATIONS
This chapter discusses CNDO/s calculations for a number of 
cr-dicarbonyls. The results are used to assign the higher excited 
electronic states of cr-dicarbonyls and to provide a theoretical basis 
for the supposition that amide-containing molecules may be validly 
discussed in terms of constituent amides.
Description
Program Description
The CNDO/s-CI program was obtained from the Quantum Chemistry 
Program Exchange (QCPE 174). The program was modified in order to 
provide variable convergence criteria in the iterative procedure. In 
all calculations, only the first 30 mono-excited configurations were 
included in the configuration interaction (Cl) subroutine. Geometries 
used in the calculations are given in Appendix B.
The CNDO/s procedure takes into account all valence-shell 
electrons and is parameterized especially for spectroscopic compu­
tations (187-190). Details as to the approximations applied to the 
basic Roothaan LCAO-SCF equations can be found in the papers by
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Pople, Santry and Segal (191-193) concerning the original CNDO 
procedure and in the references of Del Bene and Jaffe (187-110) on the 
modified procedure used here. C. Giessner-Prettre and A. Pullman (194) 
and Seliskar and McGlynn (195) discuss some of the effects of Cl on 
computed results for small molecules of interest.
Program Output
The energies and wavefunctions of the MO's from CNDO/s and
states (both singlet and triplet) from the CNDO/s-CI-SCF calculations
are provided by the program. The output also includes oscillator
*strengths and polarizations for all transitions except tt <- n (o).
Zero S-T splits and zero oscillator strengths for tt «- n excitations 
are a consequence of CNDO/s approximations. These last remarks apply 
only for situations where a/ tt separability is rigorous. Obviously, 
in non-planar molecules, no "pure" n, a or tt orbitals will exist.
Correlation of Calculated and Experimental Data
Experimental information is available for both the filled 
MO's and the excited states of glyoxal. The photoelectron spectrum 
provides energies which are assumed to approximate the filled MO ener­
gies of the molecule. In Figure 53, these energies are compared to 
those calculated by the CNDO/s procedure. The correlations assume that 
assignments of the PE spectrum provided in the literature (196) are 
correct. The overall agreement is good. The calculated n or a MO's 
are consistently too low in energy whereas the calculated tt MO's are 
too high.
Figure 53. Correlation of calculated and experimental MO and state
energies of glyoxal. [MO energies are found in Ref. 196; 
state energies are found in Ref. 98. J
O
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The energies of the singlet states of glyoxal (98) are
presented in Figure 53. For the trans form, four states have been 
1 *
assigned, the rrrr state having the highest energy. The calculated
states presented are those involved in the first five symmetry-allowed
transitions. The ordering of these states agrees with that of
1 1 *
experiment. The third ( nn ) state is presumably hidden under the
1 * 1 * 1 ^ 
intense transitions to the no and n T T  states. The first n r r  state
is calculated to have an energy lower than the experimental energy
by about 0.5 eV, while the second one is calculated about 2.0 eV too 
] * 1 *
high. The na and tttt states are also calculated too high by 
about 1.5 eV. This behavior seems to be typical for the molecules 
studied in this chapter.
1 *
As shown in Figure 53, a no state is calculated to be of
1 *
lower energy than the first t t t i  state. This observation provides
some support for the experimental assignment made by Walsh (115). The
1 *
CNDO/s results also predict the transition to the rrrr state to be
1 *
more intense than that to the na state, a result found
experimentally (115).
Some experimental information is also available for the cis
1 *
isomer of glyoxal (99,100). The lowest nTT state of this form is 
calculated to be 760 cm ^ lower in energy than the trans form as 
compared to the 1470 cm  ^ difference of (0,0) energies found in 
experiment (99,100). The difference in energies may be attributed to 
the differing non-bonding interactions between the oxygen orbitals 
found in the two isomers.
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One important result of this comparison of calculated and
experimental results is that the ordering of the MO's and states is
correct, even relative to the cis and trans forms of glyoxal. The
1 * 1 *
intensity relationship for the na and tttt states is also correctly 
predicted. As found in other CNDO/s studies of small molecules 
(194,195), the higher excited states are calculated at energies too 
high and the lowest state is calculated too low in energy.
Results
ar Dicarbonyls
Symmetry considerations.--One of the goals of this chapter 
is to correlate the MO's and states of the various a-dicarbonyls.
These molecules can have the following point-group symmetries: ^Vi,
C2v’ C2* and Cs* FiSure 54 illustrates the various point groups in 
which glyoxal may exist, and associated schematic diagrams of the 
lowest-energy, most symmetric tt MO are included. For the trans-planar 
conformation,this MO is classed as a^ in the point group. If the 
molecule is twisted slightly, the point group is now C2 , and the MO 
symmetry species is a. Replacement of one of the hydrogens by 
deuterium reduces the molecular symmetry to Cg and the MO classification 
becomes a'. A more drastic change in symmetry species is found when 
the molecule is cis planar: the most symmetric tt MO is now b 2 in the
point group C2V *
All the MO's of Figure 54 are closely related, even though 
this relationship is obscured by the restrictive point group symbols.
Figure 54. Point groups of glyoxal.
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Thus, before correlations of MO's or states can be made, an examination 
of the explicit form of the MO wave function must be made.
Two classification schemes are useful in the correlation of 
the MO's of molecules belonging to different point groups. One can 
use a primitive symmetry designation which is based on a parent point 
group. Another approach to the problem emphasizes the parentage of 
MO's and states in terms of MO's and states of constituent groups of 
the molecule.
The logical parent point group for ^“dicarbonyls is C^  
because they prefer the trans planar conformation. In this work, the 
exact symmetry species is followed by the parent symmetry species in 
parentheses. Thus, the most symmetric tt MO in C^v is classified as 
b 2 (au), meaning that this particular MO correlates with the orbital 
of a^ symmetry in
Figure 55 provides a more detailed look at the relation
between the ^>2 ant* ^2v P°^nt 8rouPs by examining glyoxal as it
is twisted or, in general, from trans planar to cis planar. As seen
in the figure, the molecule is twisted from a C2 ^ symmetry in the xy
plane to a C2v symmetry in the xz plane such that the z axis remains
the C2 symmetry element in all cases. Thus, the rr MO's of the
trans-planar form relate to a MO's of the cis-planar molecule. This
change in the reflection plane of the ttmo's relative to the C2
rotation axis explains why the a MO of c_, classifies as b in C„
u 2h 2 2v
a nd wh y  the n  MO's of the one point group do liuL correlate as tt M O ' s 
in the other point group.
Figure 55. Relation between the C , C and C point groups for
2h* 2 2v
tt MO's.
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A classification system based on a composite-molecule view 
is very useful. This method is used to correlate the MO's of 
Q/-dicarbonyls and, in Chapter VII, to correlate the orbitals of the 
self-interaction amides. In the composite-molecule or molecules-in­
molecule appraoch (4), the wavefunction of a molecule is derived from 
the wavefunction of its parts as modified by their interaction. Thus 
the MO's of the submolecules (SMMO's) may be viewed as parts for the 
construction of the composite-molecule MO's (CMMO's). The basis of 
this classification method is that CMlO's constructed from the same 
SMMO's are closely related since they differ only in the means and 
extent of the interaction. If a given SMMO mixes only slightly with 
the other SMMO's of the molecule, then the original SMMO can be 
correlated to the CMMO. In molecules where two identical or very 
closely related units interact, the CMMO is simply a symmetric or 
antisymmetric combination of the SMMO's. The CMMO's may be designated 
tt^, a ± or n indicating a particular combination of the SMMO's tt, a 
or n. Thus, all the MO's of Figure 54 are tt^ . For dissimilar SMMO's, 
subscripts will be used to indicate the parentage of the CMMO, e.g., 
tt or n for a tt MO related to an oxamide tt MO and a non-bonding
U a  LU
orbital related to a carbonyl n MO.
This composite-molecule designation means that the explicit 
form of the wavefunction indicates a dominant contribution from the 
atomic centers of the given subunit. The correlations in this work 
are based on the MO's of the CNDO/s calculations. In Table 37, the 
MO's of a general o-dicarbonyl system have been classified in standard
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TABLE 37
MO DESIGNATIONS FOR ^-DICARBONYLS IN ALL POSSIBLE CONFORMATIONS
Composite-Molecuie Parent Symmetry Designation
Designation C2h C2 Cs C2v
*
CT
+
a
g
a (ag a (V al (ag )
0 “ b
u
b (b
u
a
<b„> bl <bu>
*
TT b
g
b (b
g
a ,(v a2 <y
*
TT
t
a
u
a (a
u
a
(au> b2 (au>
n
t
a
g
a (a
g
a (v al (ag)
n bu
b (b
u
a <V bl <bu>
TT b
g
b (b
g
a (v “ 2  ( b g >
IT
1
a
u
a (a
u
a <v b2 <au>
aDesignation does not change for the various point groups.
284
notation, parent symmetry designation and the composite-molecule 
designation.
Once similar MO's have been correlated for a series of 
molecules, state correlation diagrams may be constructed. Only the 
composite-molecule state designation serves to indicate the MO's 
involved in the excitation. The other state designations depend on 
group-theoretical considerations. As used here, the correlation of 
any two states means that the excited electronic configurations used 
to approximate those states involve correlated CMMO's. Such a
correlation is clearly most correct when configuration interaction is
at a minimum. Corresponding to Table 37, Table 38 gives the various 
designations that may be used to describe a given state.
As shown in Table 37 and Figure 54, the MO designated rr
transforms differently in the point groups C^, Cg and C ^ .  This
fact, as shown in Table 38, also makes the symmetry species of
monoexcited configurations different. According to the usual rules(194)
used in determining the electric-dipole allowedness of a transition
within a given point group, transitions involving MO's whose direct
product transforms as B and A are not allowed in C , . Only A„ is
g g 2h 2
not allowed in On the other hand, all monoexcited configurations
involving n, a and t t  MO's are allowed in the point groups and Cs»
In Table 38, the symmetry designations of states to which transitions 
are forbidden from a totally symmetric ground state are boxed. An
important conclusion from this table is that the transitions t t  «  11  ,
which are forbidden in C h , are allowed in the other point groups.
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TABLE 38
STATE DESIGNATIONS FOR q-DICARBONYLS IN ALL POSSIBLE CONFORMATIONS
Composite-Molecule
Designation3
C2h
Parent Symmetry 
C2
Designation^
C
g C2V
*
n_ tt_ A u
A (Au) A (Au) B1 (AU>
n tt"
- -t 
*
n tt
f -
B
g
B
ft
B <v
B (B )
g
A (Bg) 
A (Bg)
A2 (Bg) 
A 0 (B )
2 g
* 
n tt
+ +
A
u
A (A ) ' u'
A (A ) u
B. (A ) 1 u
* 
TT TT 
t -
B
u
B (B ) ' u'
A (B ) u B, (B ) 1 u
* 
TT TT
+ +
* 
TT TT
A
g
A
8
A  ‘"g) 
A CAg)
A (Ag) 
A (Ag)
A i (Ag>
A i < v
*
n tt 
- )
B
u
B (B )u A (B ) u' B, (B ) 1 u
*
n a - +
*
n_ a_
*
n a
+ t- 
*
n at -
B
u B (Bu)
A (B ) u' B 1 (v
A
g
A
8
B
u
A (Ag) 
A (Ag) 
B (Bu)
A (A ) 
g
A (A ) 
g
A (B ) u'
Ai (Ag ) 
Ai (Ag ) 
B 1
Designation does not change for the various point groups.
^Designations inside boxes indicate transitions that are 
symmetry forbidden in the given point group.
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States derived from different electronic configurations oiay
have significantly different physical properties. For example, the
1 *
two allowed transitions to the n ±Tr± states of trans-planar
k
CT'dicarbonyls terminate in two different tt MO s. Both are classed
■k
as antibonding, but rr+ is bonding across the carbon-carbon bond while
•k
tt is anti-bonding. This difference is dramatically expressed in the
much greater photochemical reactivity of o-dicarbonyls excited to the
1 * 1 * 
nTT state as compared to the n n +  state (198,199,111,137). The
*
bonding property of the tt^  orbital is also shown in the increased
torsinal frequencies about the carbon-carbon bond found in the lowest 
1 *excited nTT states of o'-dicarbonyls (200) relative to those 
of ground state. For example, the ground state torsional frequency 
of glyoxal is 128 cm ^ (200) and that of the excited is 232 cm ^ (112) ; 
similarly, for oxalyl chloride the torsional frequency of the ground 
state is 55 cm * (88) whereas it is 78.3 cm  ^ in the first excited 
state (94).
Using simple MO methods, it is now possible to discuss the 
number and general form of the MO's expected for o'-dicarbonyls. Only 
tt and n orbitals will be discussed. It is also convenient to 
introduce a secondary classification. Thus, crdicarbonyls are 
"unsubstituted," "monosubstituted" and "disubstituted." A "substi­
tution" refers only to those substituents which interact substantially 
with the dicarbonyl system via the addition of a pair of electrons in 
a non-bonding orbital. In this classification, biacctyl is "unsub­
stituted," pyruvamide is "monosubstitutcd" and oxalic acid or oxamic 
acid is "di.substituLed."
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For the "unsubstituted" cy-dicarbonyl--a system of 4 p 
orbitals, 2 n orbitals and 8 electrons— simple MO and symmetry 
considerations predict the MO's given in Table 39. The signs of the 
atomic coefficients of the wavefunctions are given for the t t m O ' s , 
those of non-dicarbonyl centers being placed in parentheses for 
emphasis. A zero indicates no contribution to the tt MO.
A significant change occurs upon a monosubstitution: an
additional filled t t  MO is added to the original dicarbonyl system.
The two lowest and two highest MO's correlate with the tt M O ' s of the 
original unsubstituted system, and thus the new orbital must be 
considered as the highest-filled tt MO. For disubstitution, a pair 
of filled tt M O 's is added to the original system. Again, the 
lowest- and highest-energy t t M O ' s are related to the unsubstituted 
dicarbonyl system thus making the two new orbitals the highest-filled 
MO's. Since the correlations of Table 39 are based only on wavefunction 
coefficients, the new MO's, relative to the parent dicarbonyl system, 
may be quite similar to the tt orbitals of the original system.
However, this correlation is not as strong as that between the two 
lowest-filled MO's and the ttMO' s of the unsubstituted dicarbonyl.
-V
One may conclude from Table 39 that the nrr states should be 
very similar for all crdicarbonyls. This prediction depends on the 
fact that the n and t t  orbitals are all directly related to the parent 
r-dicarbonyl system. On the other hand, the lowest Tin states of
•k
substituted compounds do not appear to be directly related to the rm
TABLE 39
n AND TT MO's PREDICTED FOR a-DICARBONYLS
UNSUBSTITUTED MONOSUBSTITUTED DISUBSTITUTED
MO
Atom No
MO
Atom No3
MO Atom No
a
Class. (1) 2 3 ^ 5 (6) Class. (l) 2 3 It (6) Class. (1) r'L. 3 “-T n; (6)
Unfilled i
-  +  - + IF -  + - + (+) rr* (-) - + ~ + (+)
MO's 1 T T *
l'+
-  + + - T T *+ - + + (-) U* (-) + + (-)
fn + n + - + -
n + + n + + + +
Filled
TT
H-! + -
+
+
+ (-)
(+)
MO's \
"o
r
(
I '  ‘
+
+ +
(+)
(-) {( + )
+ +
+
+
+
+ (-)
(+)
r -  -  + + TT_ + + (+ ) TT_ ( - ) - - + + (+ )
T + + + + TT+ + + + + (+ ) TT+ (+) + + + + (+)
The signs of the AO coefficients of the MO's are ordered as indicated: X,,x 0
\<l> / 5
/ C3 C*A 
o„ xx,
288
289
states of the original unsubstituted system. These states originate 
in MO's which are, at most, indirectly related to the original t t M O ' s .
Correlations of CNDO/s Results
Trans (y-dicarbonyls.— CNDO/s calculations have been performed 
for a number of trans-planar crdicarbonyls. For these molecules, 
only point groups and Cg are possible. Figure 56 provides an
energy level diagram in which the MO's from the CNDO/s calculation
*
are correlated. Besides all the tt and n MO s, the lowest a orbital 
also is included in the figure. The designations for the tt MO's are 
the same as those used in Tables 37 and 39.
Figure 57 illustrates the correlation procedure for 
similar molecules of two different point groups and, more important, 
for a non-substituted (glyoxal) and a substituted ordicarbonyl 
(glyoxylamide). The tt MO's, of course, must correlate since they are 
the only filled rrMO's of that symmetry in the two molecules. The 
form (sign and magnitude of coefficients) of the glyoxylamide (this 
compound is to be compared to pyruvaraide) TT+ / a ' ' ( a u ) MO is obviously 
quite similar to the TTf/au MO of glyoxal, the nitrogen center excepted.
A problem arises for the other two t t m O's of glyoxylamide. 
Both are of a derived b^ symmetry. However, the forms of the 
glyoxylamide MO's makes a clear-cut correlation of one of them to the 
■n /bg MO of glyoxal. This leaves the highest-filled MO as the new 
"uncorrelated" or "unparented" MO. This MO is heavily localized on 
the amide group and is more or less non-bonding relative Lo glyoxyl­
amide. The tt^  designation expresses this non-bonding nature. This
Figure 56. Correlation diagram of MO energies calculated for trans 
o'-dicarbonyls.
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Figure 57. Correlation of filled ttMO' s of glyoxal and glyoxylamide.
[Numbers refer to MO coefficient at the given center.
Erratum: read a for b in n MO of glyoxylamide.]
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MO might also be designated tt_ to express the fact that an anti­
symmetric combination of t t m O' s of glyoxal is present in the
composite MO. The designation t t  expresses both considerations and
©
is used in this dual sense in Table 39 and Figure 56.
Using such procedures, the correlations of Figure 56 result.
All the imputed correlative relations are obvious except in the
case of glyoxylic acid (this compound to be compared to pyruvic acid).
While the and tt+ MO's of this molecule correlate well with
appropriate glyoxal and oxalic acid MO's, the tt MO does not. The
wavefunction has large amplitude at the formaldehyde-carbonyl and the
acid-hydroxyl, but none at the acid-carbonyl. The distribution is
similar in glyoxylamide but not as severe as in the acid.
The ttMO' s of the disubstituted compounds correlate well
in the total series. The important difference relative to glyoxal is
that large amplitudes are found at the substituent centers. In
oxamide, the coefficient at the nitrogen centers is comparable to the
oxygen values in all four ttMO' s . The carbon amplitudes are much
s m a l l e r  i n  t h e  tt a n d  tt o r b i t a l s  a n d  s e r v e  t o  d i s t i n g u i s h  t h e s e  o r b i -  
0 ©
tals from the rr+  and tt MO' s . In these latter MO's, all centers have 
comparable amplitudes, thus making their correlation to the glyoxal 
tt MO's quite secure.
All of the t t m O' s of oxamic acid are more localized than 
those of the other 'k'-di carbonyl s. The tt^  orbital is localized on the 
amide portion and t^  on the acid part of the molecule. Although not 
as drastic, the same trend is also found in the orbitals which 
correlate with tt and tt of glyoxal.
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The antibonding (virtual) t t  orbitals do not show the 
differences seen in the filled orbitals. In fact, the virtual orbi­
tals for all compounds correlate very strongly with those of glyoxal. 
In all cases, including oxamic acid, large amplitudes are found on 
the dicarbonyl system with much smaller values located on substituent 
centers. The n orbitals also remain essentially the same in all the 
compounds.
The following description of o^dicarbonyl excited 
configurations is necessitated by the CNDO/s results of Figure 56:
vV
(i) The nTT configurations should have roughly identical
properties for all o^dicarbonyls, glyoxal serving as the prototype.
(ii) The lowest t t i t  configuration of glyoxal (i.e. , the
"unsubstituted" rvdicarbonyl) does not correlate with the lowest 
•*
TTTT configuration of the "substituted" compounds.
For lack of better terminology, the transitions involving 
the t t t t  configurations of the "substituted" compounds can be termed 
charge-transfer excitations. For example, the generation of ^ ^  
configuration of glyoxylamide involves excitation from an originating 
orbital localized on the amide group to a terminating orbital which 
is delocalized over the dicarbonyl system. The same situation holds 
true for glyoxalic acid and oxamic acid. For the symmetric
i *"disubstituted" compounds, the MO s involved in the lowest t t t t  
excitations are somewhat different. The filled orbital has large 
amplitudes at Lhc "substituent" and oxygen centers and small ones at
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the terminal centers. On the other hand, the terminating orbital has 
large amplitudes at the two carbons and two oxygen centers, i.e., at 
the centers of the dicarbonyl system.
Thus, a third property of mono- and disubstituted 
cr-di.carbonyl excitations is predicted:
■k
( i i i )  The l o w e s t  tttt c o n f i g u r a t i o n  s h o u l d  h a v e  c o n s i d e r a b l e
charge-transfer character.
The correlation of crdicarbonyl states derived from the
raonoexcited configurations is given in the energy level diagram of
1 *
Figure 58. As expected from the MO diagram, the lowest tttt states
for the "substituted" a-dicarbonyls are of the charge-transfer type.
1 *
Only at much higher energies does one find the "dicarbonyl" rrn states.
Keeping in mind the general relations expected for 
experimental and calculated state energies, one can use Figure 58 to 
make the following predictions for the absorption spectra of 
crdicarbonyls:
1 *
(i) In all cases, an allowed nTT state should be the 
lowest-energy excited state.
1 *
(ii) A second allowed nTT state is predicted to be 
observable in glyoxal, pyruvic acid and oxalic acid. In the other 
compounds, these states may be too near intense bands to be 
observable.
1 *
(iii) In pyruvamide and pyruvic acid, other allowed ntt
slates are predicted to be observable since the point group symmetry
is lowered to C in these molecules, 
s
Figure 58. Correlation diagram of state energies calculated for 
trans Q'-dicarbonyls. [Dashed-line energy levels are 
symmetry forbidden in the point group of the molecule.
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1 *
(iv) A na state is predicted to be the first intense
transition only in glyoxal. This state is expected after at least
1 *o n e  a n d  u s u a l l y  t h r e e  h i t  s t a t e s  i n  t h e  o t h e r  c o m p o u n d s .
(v) The tttt state of derived B symmetry ( tt tt or TL T11)
u o - t# n
is predicted to be lowest-energy intense transition in all substi­
tuted compounds. (The tt tt state is calculated to be lowest in©  •
oxamide but is not allowed in the point group of the molecule.)
(vi) The second intense transition is predicted to terminate
1 *
in a no state for "monosubstituted" compounds, but to terminate in 
1 *
a  tttt s t a t e  f o r  s y m m e t r y c  c r d i c a r b o n y l s .
Table 40 is a compilation of the f-numbers (a measure of
the intensity of a transition) calculated for the transitions of the
1 *
various o^dicarbonyls. The transition to the no state is
consistently calculated to be about fa0.18 except for oxalic acid.
*
The "dicarbonyl" transition, i.e., tt^ ♦- n, decreases in energy as amino 
substitutions are made but remains about the same for hydroxyl
^ It
additions. The f-numbers for singlet transitions of t t ^ t t _ / V -  
excitations are consistently much smaller than other transitions for 
all the compounds.
These CNDO/s results may be used to interpret the experi­
mental information available for cr’dicarbonyls from Chapter TV.
These interpretations are given in Figure 59 and 60. Biacetyl, 
oxalyl fluoride and acalyl chloride are considered to be like glyoxal, 
i.e., they are "unsubstituted" ,y-dicarbonyls. Most of the general 
predictions based on Figure 58 are borne out by experimental
TABLE 40
CALCULATED INTENSITIES
Compound
*
Energy f-No. 
(eV)
*
TT «-TT 
+  0
Energy f-No.
(eV)
* / 
W
Energy
(eV)
Transition
n
f-No. Energy 
(eV)
*
%
f-No.
* 
TT <
Energy
(eV)
H T T
©
f-No.
*
TT ♦-TT
+- ©
Energy f-No. 
(eV)
(h c o )2 8.00 0.18 8.97 0.38
(h c o )(c o n h 2) 8.37 0.19 9.28 0.25 6. 80 0.13 8.17 0.06
( C O N H ^ 8.91 0.18 9.78 0.06 7.09 0.27 8.26 o.ooa 8.32 0.19 6.77 o.ooa
(c o n h 2)(c o o h ) 7.96 0.17 10.02 0.17 5.63 0.07 6.90 0.06 9.15 0.06 7.58 0.13
(c o o h )2 9.44 0.34 11.00 0.15 8.05 0.30 9.19 0.0 oa 9.78 0.22 8.07 0.00a
(HCO)(COOH) 8.47 0.16 9. 52 U. 19 8.01 0.20 9.35 0.06
a
Electric-dipole forbidden.
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Figure 59. Correlation diagram of experimental states of
"unsubstituted" o-dicarbonyls. [Solid lines indicate 
(0,0) or maximum-absorption energies; boxes indicate 
range of absorption for given transition. Information 
used to construct diagram found in Chapter IV.]
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energy-level diagram of Figure 59. In all of the crdicarbonyls, a 
1 *
lowest nrr state is detected and assigned. In all molecules except
1 *
the oxamide and ethyl oxaraate, a second nTT absorption region is
detected and, via the assignment of Maria (101), is assigned as the
1 * 1 *  
s e c o n d  a l l o w e d  t r a n s i t i o n  t o  a  nTT s t a t e .  No o t h e r  ntr s t a t e s
have been definitely assigned in these molecules, although Charney
and Tsai have made tentative assignments of all four states for
camphorquinone (131).
The assignment by Walsh (115) of the third singlet
transition of glyoxal as cr «- n is substantiated by CNDO/s results
as discussed previously. I have found that the analogous band of
biacetyl undergoes an apparent blue shift in water. This is the
1 *
solvent behavior expected for a transition to a na state. As 
shown in Figure 59, the transition which correlates with the 
glyoxal a ♦- n transition and which is found in other "unsubstituted"
cr*dicarbonyls— biacetyl and oxalyl chloride--must also be assigned
* 1 1  
a * - n ( B « _ A ) .  
u
In the "disubstituted" compounds (see Figure 58), the first
1 *
intense transitions are calculated to be tttt states. The inten­
sities and solvent-shift behavior of the transitions in oxamides, 
oxalic acid and ethyl oxamate confirm this. The two bands of oxamic 
acid are less intense than those of the other "disubstituted" 
compound, but this is predicted by the CNDO/s calculation. The 
relative ordering of energies is predicted to be oxalic acid--oxamide-- 
oxamic acid, with oxalic acid the highest. This ordering is confirmed
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for the absorption maxima of the tt ♦- tt transitions for these
molecules in water. According to calculation, the third band of
1 *
oxamic acid is also a Tin state. The first transition of oxamic
acid does not appear to solvent shift. All of these factors are
used to make the correlations of Figure 60.
The "monosubstituted" crdicarbonyls present a less-simple
comparison between calculation and experiment. The CNDO/s results
1 *
(see Figure 58) indicate only one tttt state lower in energy than the 
1 *no state for both glyoxylic acid (pyruvic acid) and glyoxylamide
(pyruvamide). In pyruvic acid, the first intense band shows a
1 *
d e f i n i t e  r e d  s h i f t ,  t h e  e x p e c t e d  r e s u l t  f o r  t h e  p r e d i c t e d  tttt s t a t e .
The vapor spectrum shows the next band to be of slightly greater
maximum intensity. Then a third band follows with almost six times
the maximum intensity of the first. In accordance with calculation,
1 * 1 *
these may be assigned no and tttt states as shown in Figure 60.
The relative size of the f-numbers calculated does not coincide with 
the maximum intensities found in the spectra. However, this might 
change if experimental f-numbers were measured.
The experimental evidence for pyruvamide demands a different 
interpretation for the first two intense bands. In this case both 
bands are at longer wavelengths than 180 mu and thus located in a 
spectral range for the convenient measurement of solvent shifts.
As with oxamic acid (and also cis oxamides, as shown in the next 
section), the first band of intermediate intensity does not appear to 
undergo any solvent shift, while the second band exhibits a red shift.
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Consistent with assignments in other closely related crdicarbonyls,
1 *
b o t h  o f  t h e  p y r u v a m i d e  t r a n s i t i o n s  a r e  a s s i g n e d  a s  t o  tttt s t a t e s .
Note that, although the second state of glyoxylamide (pyruvamide) is 
1 * 1 *
predicted to be na , a t t t t  state is calculated to lie within 0.2 eV 
of the lower state. In this case, the ordering of states predicted 
by the CNDO/s results apparently needs to be reversed as indicated in 
Figure 60.
1 *
In summary, only "unsubstituted" crdicarbonyls have a na
1 * 1 * 
state lower than tttt states. All other compounds have tttt states
lowest in energy. For the "disubstituted" compounds and pyruvamide,
•k
t h e  t h i r d  t r a n s i t i o n  o b s e r v a b l e  i s  a l s o  a s s i g n e d  a s  a  n  ♦- tt t r a n s i t i o n .
1 *
For pyruvic acid and (C0C1)(COOC^H^), the na state is predicted to
1 *
be lower in energy relative to the nearest tttt state (by about 0.9 eV). 
On this basis, the second transition for these two molecules is 
assigned as a n and the third as tt «- tr. Table 41 is a summary of 
assignments of the experimental transitions of Figures 59 and 60.
It should be re-emphasized that correlations of MO's and 
states constitutes a certain simplification of the actual CNDO/s 
results. The MO's and states of appropriate symmetries are obviously 
mixed through orbital or configuration-interaction. Finally, as in 
any interpretation of reams of computational data, a rather preju­
dicial viewpoint is usually expressed in the results, i.e., the 
correlations give a particular emphasis to the CNDO results. In this 
case, correlations to MO's of glyoxal are emphasized. As we shall see
TABLE 41
SUMMARY OF ASSIGNMENTS OF EXPERIMENTAL TRANSITIONS FOR Qf-DICARBONYLS
Compound
Absorption Region 
or Maximum (eV) Assignment
Glyoxal3 2.7 to 3.5 ll’Au 4- l}Ag
/ * 
(% - n)
3.8 to 5.2 27Au «- i ;a 8 (** n)
6.0 to 6.7 i :b u 4- ITAg (°* *~n)
~  7. 4 2 Bu 
1
4- 1 Ag 
1
(n 4-
, *
n)
Biacetyl 2.8 to 3.5 i :a u 4- IfAg n)
3.9 to 5.1 27Au 4- ITAg
l}Ag
<"*«- n)
6.7 to 6.6 i :b u 4- n)
~  7. 2 2 Bu 4- 1 Ag ( T T  4- TT)
Oxalyl Chloride 3.2 to 4.0 lJ-Au 4- ifAg
/ * n)
4.4 to 5.2 2:a u 4- IJAg n)
5.8
6.6
to
to
6.4
7.2
1 Bu 
1
4- 1 Ag
? 
i ’
(CT ♦-
*
n)
7.3 to 8.5 2 Bu 4- 1 Ag ( t t  ♦- tt)
Pyruvic Acid 3.3 to 4.1 lJ-A' ''4- lllA '
(l^Au - l^Ag),
4.3 to 5.4 47A1 1'4- X1A
(2^Au ♦- 17Ag),
5.9 to 6.8 27A' '1 4-
11A '
(17BU «- ITAg),
7.1 to 7.7 3 A ’ 4- i i A ’ (2jBu «- ITAg),
7.8 to 8.4 4 A 1 4- 1 A' (3 Bu - 1 Ag),
4- n)
4- n)
4- tt)
4- n)
(TT 4- v)
See Figure 53. 30
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TABLE 41--Continued
Absorption Region
Compound or Maximum (eV) Assignment
Ethyl Oxalyl Chloride
Pyruvamide
Oxamic Acid
N,N1-Di-n-propyloxamide 
Dimethyl Oxalate
3. 8 to
4. 8 to 
5.8 to
?
7.5 to
4.7
5.4
6.8
8.4
i Ja -
4jA' 
2 A ’ 
3. A' 
4 A'
3.2 to 
4. 3 to 
4.9 to 
~  6.
4.1 
4.7
6.2 
7
11A '
4}a '
21A ’ 
3 A '
4.0 to
5.2 to
6.2 to
4.6
6.1
7.2
l}A ’
21A ' 
3 A'
4.0 to
5.0 to
4.6
6.3
l*Au 
2 Bu
3.9 to 
5.2 to 
6.0 to
4.9
5.7
7.4
1 j'Au 
2rAu 
1 Bu
«- iJa' (l}Au 4- lj'Ag)»( tt*. ♦- n)
4- 17A' (27Au 4- l,Ag),(TT* 4- n)
4- l V  (l^Bu 4- l^Ag), CTT* «- ")
4-  l V  (2!Bu 4-  ljAg),(^ 4- n)
4- 1 A' (3 Bu 4- 1 Ag),(rr 4- tt)
4- iJa* (i}au 4- l}Ag),(TT* 4- n)
4- 1 A' (2{Au 4-  lAAg),(TT* 4- n)
4- 1:a ' (1-TBu 4- ITAg) , (TT^  4- Tl)
4- l V  (2 Bu 4- 1 Ag) j ( 4 -  n)
4- iJa' (iJau 4- l*Ag),(TT* 4- n)
4- l V  (ltBu 4- l j A g ) , ( ^  4- TT)
4- 1 A* (2 Bu 4- 1 Ag) > ( tt 4- tt)
4- lj’Ag (TT* 4- n)
4-  1 Ag (rr 4-  tt)
4- l*Ag (nA 4- n)
4- 1 Ag (tt^  4- n)
4-  1 Ag ( t t  4-  r r )
3
0
9
310
in the next chapter, some of the same data shall be used to emphasize
a different relationship.
Oxamides.— Calculations have also been carried out for
oxamide for geometries ranging from trans planar to cis planar. The
MO correlation diagram shown in Figure 61 indicates essentially no 
*
shift in the MO upon twisting. The results are similar to
correlations of calculation of Maria and McGlynn (101). This is
consistent with the antibonding character of this MO in the
carbon-carbon bond. The n-orbitals also are only slightly affected
by twisting, although the n_(bu) orbital is significantly
destabilized in the cis-planar configuration (C )• The non-bonding
c h a r a c t e r  o f  t h e  f i l l e d  tt a n d  tl  M O ' s i s  i n d i c a t e d  b y  t h e  f a c t
©  ©
that their energies are not affected by twisting. The "carbonyl" 
tt^ M O ' s , both filled and virtual, are drastically affected. As one 
expects, the tt^  M O ' s , being bonding at the carbon-carbon bond, are 
destabilized upon twisting from planarity, while the TT.orbitals are 
stabilized.
The state correlation diagram given in Figure 62 confirms
the trends noted for the MO's. For example, the transition affected
*
least by twisting is the a «- n excitation, since both orbitals
involved are only slightly affected by distortion of the molecule. The
*
tt ♦- n and tt «- tt transitions show the results expected by the trends 
implicit in the MO energies of Figure 61. The first allowed transi­
tions of both types are blue-shifted upon twisting from planarity.
Figure 61. Correlation diagram of MO energies calculated for oxamide 
at various angles of twist.
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Figure 62. Correlation diagram of state energies calculated for 
oxamides at various angles of twist. [Dashed-line 
energy levels indicate transition is symmetry forbidden 
in point group of the molecule.]
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1 *
According to the diagram, only the first allowed nn state should
1 *
be observed. The highest energy nrr states are predicted to be
1 *
hidden in the intense transitions to tttt states in all cases except
possibly the maximally twisted, i.e., 90° situation.
1 *
The t r a n s - p l a n a r  m o l e c u l e  s h o u l d  e x h i b i t  o n l y  t w o  tttt
states with a separation of about 1.5 eV. The 90° case is predicted
1 *
to have one region containing four tttt states, while the cis-planar
*
case should provide two resolved low-lying tt «- tt transitions in the
same energy region of the lowest-energy transition of the trans
molecule. Another region of similar absorptions is at higher energies. 
1 *
The two lowest mr states are predicted to have f=.03 for the
lower and f-0.22 for the higher transition in the C„ isomer: the
2v
1 * 1 * 
single allowed rm transition to the nn state in c has f=0.27
2h
calculated.
Experimental evidence is available for oxamides in the
trans planar, approximately perpendicular and approximately cis-planar
1 *
configurations. Only in the trans case is an nrr state detected in
absorption with a maximum at about 275 mp,. For the cis conformation,
1 *
an apparent nn state is observable in the phosphorescence excitation
1 *
spectrum with a maximum at 280 mp.. The twisted molecule has no nn 
state observable in absorption, and its non-emissivity precludes the 
measurement of a phosphorescence excitation spectrum. However, it is 
estimated from the absorption spectra that the state must be at 
wavelengths £ 250 mp.. These observations coincide with theoretical
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predictions. The calculated energies of these lowest-lying singlet
states, as expected, are too low by about 1.8 eV for the cis and
trans conformations.
The region 180 to 223 mp, reveals the maximum of an intense
transition for each of the oxamides. In the cis molecules, an
additional transition of intermediate intensity is observed as a
shoulder to the intense band. All these transitions are predicted
to be to rm states. The only other assignment possible for the
1 *first transition in the cis case is na , but it is predicted to be
1 *
at least 2.2 eV above the first tttt state. The calculated f-numbers
■k
o f  0.03 and 0.22 for the rr «- tt transition of the cis form also 
coincide with the relative intensities found. However, the sensi­
tivity of oxamide absorption to N-alkyl substitution makes it
impossible to compare the energies of the absorption maxima directly.
1 *
Results found in the next chapter show that the tttt state of the 
twisted molecule is indeed blue-shifted relative to the trans and 
cis forms.
CHAPTER VII
INTERPRETATION AND DISCUSSION
This chapter applies the experimental information of 
Chapters II to V and the theoretical results of the previous chapter 
to the proposition put forth in Chapter I: The excited state
properties of direct-interaction amides can be interpreted in terms 
of the excited state properties of the isolated amide group and other 
appropriate functional units.
Correlations of CNDO/s Results 
The CNDO/s results for amide-containing molecules may be 
correlated by emphasizing the parentage of MO's and states to those 
of the amide group. The use of a classification system based on the 
composite-molecule approach permits such a correlation. The substi­
tuents found in the direct-interaction amides of this chapter are 
amide, amine and carbonyl. The MO designations which will be used 
here are summarized in Table 42.
Urea. Formvlurea and Imide
To illustrate the correlation approach, consider urea as a 
composite molecule built from an amide group and an amine unit. The 
three TfMO's of formamide are given in Figure 63 and are classified 
using the designations of Table 42. In Figure 63, the four nMO'.s 
of urea arc given. The extra orbital arises from the additional
117
318
TABLE 4 2
MO DESIGNATIONS3
Parentage of MO Designation
Amide Bonding (Virtual)
"a  < V
Amide Non-bonding tr TT b 
0
Carbonyl Bonding (Virtual)
*
"co (V
Amine
g
Similar designations can be used for 
other orbitals.
^For symmetric diamides, tt^ is tt and
n  is tt
f o+
Figure 63. Correlation diagram of MO's calculated for formamide
and urea. [Numbers refer to the MO coefficient at the 
given center.]
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0.75
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0.49 Ho N
0 .58 0 .54
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nitrogen center added to the tt system of urea. The correlations
leading to the MO designations are made in the same way as was done
for glyoxal and pyruvamide in Chapter VI. The coefficients of the 
tt0 MO of urea do not appear to correlate that well with those of the
tt0 MO of formamide, especially at the nitrogen center. However, by
correcting for the fact that urea contains two nitrogen centers
2 %
[using c_, corrected - (c„ X 2) ], the problem is eliminated. The 
N N
corrected coefficients of urea are +0.75(0), -0.22(C) and +0.62(N) 
compared to +0.63(0), -0.20(C) and +0.75(N) for formamide. From such 
correlations, one may predict which excitations are to be considered 
amide-like and which urea-like, i.e., which excitations originate 
from tt0 and which form respectively.
A similar analysis of CNDO/s results for formylurea and 
imide has been carried out. In imide, the correlation is based on the 
MO's of amide and carbonyl subunits, while in formylurea a relationship 
to amine is apparent in the MO's. Figure 64 summarizes the MO 
correlation for urea, formylurea, imide, formamaide and formaldehyde. 
The MO represents an amine correlation. The n MO's of the diagram 
are not differentiated to indicate that they are not specifically 
related to either amide or carbonyl. Their highly localized nature 
makes them retain essentially the same properties in all the molecules. 
The orbitals may mix heavily, but they still retain their asso­
ciation with oxygen, not with amide or carbonyl. In all the molecules 
containing two carbonyls, the n MO's are simply symmetric and
Figure 64. Correlation diagram of MO energies calculated for
formamide, urea, formylurea, "imide" and formaldehyde.
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antisymmetric (±) combinations of non-bonding oxygen atomic orbitals. 
The fact that the n orbital may be correlated to amide or carbonyl 
makes no difference because the atomic oxygen orbitals are very 
heavily mixed in the n MO of the composite molecule. Thus, 
correlations for n MO's are made on the basis of their (±) character.
In all three molecules, the highest-filled tt MO is 
amide-related. However, in urea, the unfilled MO is definitely amide, 
while in formylurea and imide the lowest virtual MD is correlated to 
carbonyl. The differences in tt^  and Ti are not that large. In both
orbitals, the dominant amplitude is on the carbonyls. However, the
*
essentially zero contribution at the nitrogen centers in rr does
LU
:k
allow differentiation from tt where a finite contribution is founu.
A
A correlation of state energies after Cl is in Figure 65 for
1 *
the same molecules. The Cl mixing is greatest for the nrr states
and makes the lowest states very similar in all cases. The CNDO/s
1 *
calculations predict that the ordering of these nn energies is
1 *
imide < formylurea < urea. For the tttt states, the lowest state of 
urea correlates strongly with amide. The lowest of formylurea
correlates with the lowest of imide but not directly with amide or
* *
carbonyl. However, the very similar properties o f  tt and t t  relate 
these excitations to amide more than to carbonyl since the originating
orbital is t^ . The energy ordering predicted is imide < formylurea
1 * 1 * 
urea for both the n r r  and the t t t t  states.
Figure 65. Correlation diagram of state energies calculated for
formamide, urea, formylurea, "imide" and formaldehyde.
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Symmetric Amide Interaction: Parabanic Acid
Figure 66 compares the symmetric amide interactions and 
relates cis oxamide and parabanic acid. As indicated in Chapter VI 
and Table 42, the composite-molecule designation simply involves (-t) 
subscripts when identical units interact. The MO's of formamide in
Figure 63 can be used to rationalize the various splitting patterns
* * 
found for the tt tTq and T^orbitals. For tt the symmetric a n d
antisymmetric interaction leads to a small splitting for
diformylhydrazine and a large one for oxamide. The dominant
amplitude at the carbonyl centers leads to maximum interaction when
the carbonyls are juxtapositioned as found in oxamide and minimum
interaction as found in diformylhydrazine. As one might expect, the
interaction is intermediate for formylurea (see Figure 64).
The opposite pattern found for the interaction of the rrQ
orbitals is due to the non-bonding character of tt^  as indicated by
large amplitudes at the nitrogen and oxygen centers. The smallest
splitting for the tt and tt MO's is expected and found for oxamide.
0 0
The delocalized form of the bonding tt MO of amide leads to large 
splittings of the MD's and tt+  for all amide self-interactions.
The molecule parabanic acid may be considered as a cis 
oxamide interacting with formaldehyde. The forms of the CNDO/s-MO's 
indicate that this picture, as shown in Figure 66, is quite accurate.
it
The tt orbital is strictly localized on the oxamide centers. The
•k
t t  MO contains large contributions at the oxamide carbonyl system and 
“Jc
the tt has large contributions at the formaldehyde carbonyl. A 
uu
Figure 66. Correlation diagram of MO energies calculated for
symnetric amide interactions, cis oxamide and parabanic 
acid.
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closer examination of these two MO's reveals that they have been 
mixed somewhat, as one might expect since both have b^ symmetry in
k
the C£v point group. The oxamide tt+ MO in a symmetric combination
* * 
with gives the parabanic acid n+ MO and in an antisymmetric
•k
combination gives the parabanic acid t t  MO. The non-bonding oxygen
LU
orbital remains localized on the formaldehyde carbonyl, while the
t t  orbital forms a non-oxamide orbital localized at the three
carbonyls but mainly on the third.
The important point is that the CNDO/s results indicate that
the two lowest electronic configurations remain very closely related
1 *
to cis oxamide. Figure 67 shows that, even after Cl, the lowest ntr 
states and ^ tttt states are just those of cis oxamide. Thus, the 
CNDO/s results show very definitely that a complex molecule such as 
parabanic acid can be viewed as two amides (via oxamide) interacting 
with a carbonyl. More importantly, these results predict that the 
addition of the carbonyl to the cis oxamide system will perturb only 
the energies of the lowest states, not their amide-like nature.
Amide Self-interactions
A closer look at the filled r^MO's of diformylhydrazine 
show that they are not as intra-related as the corresponding MO's of 
oxamide. In fact, the t^  orbital of diformylhydrazine of Figure 68 
contains much larger coefficients at the nitrogens than either of the 
two oxamide orbitals ( t^  or t^ ) or even the diformylhydrazine tt^  MO. 
The amine character of this diformylhydrazine orbital is revealed by
Figure 67. Correlation diagram of state energies calculated for 
formamide, trans and cis oxamide, parabanic acid and 
formaldehyde. [Dashed-line energy levels indicate 
transitions which are symmetry forbidden in the point 
group of the given molecule.]
ENERGY
FORMAMIDE
TRANS OXAMIDE
CIS OXAMIDE
PARABANIC
ACI D
FORMALDEHYDE
ro oj
Z3
=1
*
ZD
\
N
I
=> I
=u
*1
/
I I 
I I 
I I 
I I
I
Figure 68. Correlation diagram of MO energies calculated for
formamide, oxamide, diformylhydrazine, formylurea and 
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examining the square of the coefficients at the nitrogen centers as 
compared to the orbitals of formylurea and urea. The increase is 
from 0.37 to 0.49 to 0.50 for the compounds diformylhydrazine, 
formylurea and urea, respectively, and is to be compared to 0.28 for 
formamide and 0.23 for oxamide.
The increased probability at the nitrogen centers indicates 
that the tt MO of diformylhydrazine might well be correlated to the 
MO of formylurea and urea. Using this idea, the correlations of 
Figure 68 have been made. The figure indicates the manner in which 
the character of the two highest-filled t t M O ' s  change from the almost 
identical tt^  and M O ' s  of oxamide to the very dissimilar tt^  and tt^  
MO's of urea. Note that the t^ of oxamide must be correlated as n^, 
but the MO's of the other molecules are designated tt^ . Actually, 
in both of the oxamide MO's, the wavefunctions are quite similar in 
magnitude and sign to as compared to those of formamide. Although 
the orbital of diformylhydrazine is not as pronounced as those of 
formylurea and urea, the orbital is more closely related to these 
than to the tl oxamide MO as shown previously by an examination of 
electron densities at the nitrogen centers. Note also that as one
*
proceeds across the series the lowest-virtual orbital changes from tt
it it
to t t  a n d  b a c k  t o  tt+ .
The consequences of these changes of character in the MD's
1 *
is found in Figure 69. The character of the lowest nn state is not
1 *
predicted to change much. However, the lowest t t t t  state of diformyl- 
hydruzine is predicted to be qualitatively different from Lhc lowest
Figure 69. Correlation of state energies calculated for formamide, 
oxamide, diformylhydrazine, formylurea and urea. 
[Dashed-line energy levels are symmetry forbidden in the 
point group of the molecule.]
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state of oxamide and urea or formylurea. While the energy ordering 
1 *
o f  ntT s t a t e s  i s  o x a m i d e  <  f o r m y l u r e a  <  d i f o r m y l h y d r a z i n e  <  u r e a ,
1 *
t h e  ordering for tttt s t a t e s  is diformylhydrazine < oxamide ^ 
formylurea < urea.
Parabanic Acid
The composite-molecule view of parabanic acid is not as 
simple as implied in Figure 66. Excluding the interaction of three 
carbonyls and two amines, the molecule may be partitioned in the 
several ways shown below:
As seen from Figure 66, the CNDO/s results correlate well based on the 
first partitioning, i.e., interacting the amides to form oxamide and 
then interacting the carbonyl to form parabanic acid. The lower 
states from such an MO diagram are shown to be amide-related.
Partition B calls for a correlation of the MO's of urea 
and cis glyoxal. A correlation of these MO's with those of parabanic 
acid is quite easy since all are C^ y molecules as are formaldehyde and 
cis oxamide. However, as indicated in Figure 70, the correlation
0 0 0 0
I II II II
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Figure 70. Correlation diagram of MO energies calculated for urea, 
parabanic acid and cis glyoxal.
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demands more mixing of the submolecule MO's to produce parabanic acid
MO's than that found for the oxamide-formaldehyde partition. This
mixing mainly involves the lowest-filled n MO's and thus the lowest
states of the composite molecule can still be correlated to those of
1 *
the subunits. The lowest n T T  state is related to glyoxal, and the
1 * , first titt state involves the amide orbital ( tt ) of urea and an
o'-dicarbonyl virtual orbital ( tt+ ) .  These results are essentially the
same as obtained from the previous correlation (see Figure 66) with
just a change in emphasis. The cis oxamide-carbonyl correlation
could be changed by emphasizing the correlation of oxamide MO's to
those of glyoxal (see Figure 58 of Chapter VI). Now the geneology of
the MO's would emphasize the cndicarbonyl character of the virtual
orbitals, but a non-bonding amide-like MO would still be involved
•k
i n  the first rr «- tt transition.
Another partition of parabanic acid involves imide and amide 
units (see Partition C). Although the MO's of these units may be 
correlated with parabanic acid MO's, Figure 71 shows that extensive 
mixing must take place in order to give the composite-molecule orbitals. 
In fact, the mixing is so heavy that imide and amide character cannot 
be determined in the MO's of parabanic acid, and the correlations of 
Figure 70 must be based in actuality on a knowledge of previous 
correlations. The partition involving formamide and pyruvamide MO's 
(Partition D) produced similar results.
These various correlations of CNDO/s-MO'a offer a solutLon 
lo the ambiguity noted in Chapter 1 which was involved in the
Figure 71. Correlation diagram of MO energies calculated for 
formamide, parabanic acid and "imide."
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classification of amide-containing molecules. Specifically, for the 
case of parabanic acid, the correlation results show clearly that the 
best partition in terms of amide units is the first one— oxamide plus 
formaldehyde. This correlation indicates that the least amount of 
mixing of the subunit MO's needed to produce the composite-molecule 
MO's is involved. The similarity of the carbon-carbon bond lengths 
of oxamide and parabanic acid is explained by this conclusion. These 
various correlations infer that a guide in the choice of the best 
partition is the choice of those partitions that retain the symmetry 
of the composite molecule.
Correlations of Experimental Information
The success of the correlations of CNDO/s-MO's for 
amide-containing molecules in terms of a composite-molecule view shows 
that, in a theoretical sense, the postulate of Chapter I has some 
merit even in the investigation of complex molecules.
An examination of the experimental information available for 
oxamides (Chapter III) and parabanic acid (Chapter V) and its relation 
to these theoretical results is now in order. The properties of the 
other self-interaction amides will also be examined.
Oxamides
Trans-planar conformation.— Oxamide and its dialkyl substi­
tuted compounds presumbaly exist in the trans planar form (see 
Chapter IV). First, the absorption properties of amides and oxamides 
will now be compared. Because of the sensitivity of the intense
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rm transition to alkyl substitution, only appropriately substi­
tuted pairs of compounds may be fairly compared.
Table 4 3 compares the properties of the pairs 
acetamide/oxamide, N-methylacetaraide/NjN'-dimethyloxamide and 
N-ethylacetamide/N,N'-di-n-propyloxamide. A comparison of transition
energies of the amide and the corresponding oxamide reveals a
1 * 1 *
substantial red shift of both the nn and t t t t  states in the latter.
-1 1 *
This shift amounts to about 9500 cm for the nrr state and about
-1 -1 1 *
5000 c m  a n d  6300 c m  for t h e  tttt s t a t e  of o x a m i d e  a n d  o f
dimethyloxamide, respectively. A comparison of the intensities of 
1 *
t h e  nTT t r a n s i t i o n s  i s  d i f f i c u l t  t o  m a k e  b e c a u s e  t h e  a m i d e
1 *
t r a n s i t i o n  i s  s e v e r l y  m a s k e d  b y  t h e  i n t e n s e  tttt s t a t e  a n d  u s u a l l y
*
appears a s  a shoulder. For the tt ♦- i t  transitions, a consistent 
increase in intensity is found for the oxamides, the increase being
'k
about 10 to 207o for water solutions. The tt «- rr transitions of both 
amides and oxamides are solvent red-shifted.
The emissive properties of amides and trans oxamides are 
very different. As shown in Chapter II, the amide group is 
non-emissive, even under very sensitive detection conditions. On 
the other hand, the disubstituted oxamides exhibit a phosphorescence 
of sufficient intensity to be characterized as to lifetime ( t - 0 . 0 1  sec) 
and energy [(0,0) band at ~  333 m|i and band maximum at 370 mp,]. 
Unfortunately, the orbital nature of the emissive state is not 
clear-cut (see Chapter IV). A pertinent observation relative to the
TRANS:
Compound
Acetamide
Oxamide
N-Methylacetamide 
N,N '-Dimethyloxamide
TWISTED:
N,N-Dimethylacetamide 
Tetramethyl Oxamide 
N,N-Diethylacetamide
TABLE 43
COMPARISON OF ABSORPTION PROPERTIES OF AMIDES3 AND OXAMIDESb
1nTT* . 1rm»  e \ -------
max  ^ ^ max ^ ^
Solvent X (mp) (liter mole cm ) (mp) (liter mole cm )
max
Water
Water
Water
Cyclohexane
Water
Acetonitrile
< 215
272 
~  215
270
272
50
90
100
81
34
182
200
186
184
211
208
7600
9150
8800
5400
9800
12500
Water
Cyclohexane
Water
Cyclohexane
Water
Cyclohexane
224 ~  100
onset 280
196
196
197.5
207.5
199
202
9350
685O
13500
5650
7200 UJ
O'
TABLE 43--Continued
TWISTED:
Compound Solvent
max ^
1nTT*
emax_ ^   ^
(liter mole cm )
\max
(mji)
1irn*
(liter mole  ^ cm ^
Tetraethyloxamide Water onset 276 202 13900
Heptane onset 295 209 10700
Cyclohexane 210
_
aSee Tables 4 and 5* 
^See Table 11.
34
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difference in the emission properties of amides and trans oxamides
1 *
may be the greater stabilization (~ 0. 5 eV) of the nrr state 
1 *
relative to the tttt f o r  the oxamides. This point is discussed
later in this chapter.
Twisted conformation.— The conformation of tetraalkyl-
oxamides is not known exactly. These molecules clearly are twisted
and presumably possess a dihedral angle between the amide planes
which is at least 45° and is more probably closer to 90°.
Table 43 also contains absorption data for appropriate
amides and their twisted-oxamides counterparts. The relative 
1 *
energies of the nrr states cannot be compared directly because no
1 *weak band of a presumed nrr nature is detectable in the tetraalkyl
derivatives. Thus, this band is located at wavelengths less than
250 mp. (as estimated from the energy of the onset of absorption and
from the assumption that the band will have a maximum extinction
coefficient of about 100 liter mole ^cm ^). The stabilization of the 
1 *
nTT state of twisted oxamides is much less than that found in 
trans-planar oxamides.
1 *
This statement also holds true for the rrrr states. In
1 * -1 
w a t e r  solutions, the tttt state is lower in energy by 390 cm and
7 59 cm ^ for the methyl and ethyl derivatives relative to the
appropriate amide compounds; in cyclohexane solutions, the differences
are 2830 cm  ^ and 1900 cm These comparisons indicate that, for
1 *
w a t e r  solutions, the tttt state is stabilized about ten times more 
in I he planar c o n f o r m a t i o n  thun in the twisted molecules. If twisting
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produces this difference, then a given twisted molecule is skewed
more severely in water than in cyclohexane solutions. As in the
trans oxamides, the intensitites increase relative to corresponding
amide transitions. However, the increase for the twisted molecules
is about 507o compared to 10 or 207, for trans planar oxamides. Both
1 *
the amides and the twisted oxamides have Tm states that solvent 
blue-shift.
The tetraalkyl derivatives of oxamide do not exhibit a 
detectable emission.
Interpretation.--The absorption and emission properties 
of trans-planar and twisted oxamides may be rationalized in terms 
of the properties of amides. At a dihedral angle of 90°, the oxamide 
has the properties of two, essentially independent amide units. As 
the molecule is twisted to a trans-planar form, the amide MO's begin 
to interact. The maximum interaction is at planarity where the n 
and n MO's of the individual amide units are mixed but where they 
nonetheless remain readily as amide MO's (see Figure 66). The prop­
erties of the planar oxamides are those of perturbed amide units.
The absorption properties fit this interpretation. The
more nearly planar the molecule, the greater the interaction and the
1 *
stabilization of the excited states. The red shift of the nTT state
of the twisted molecule as it becomes more planar is obvious. The
energy shifts caused by N-alkyl substitution make comparison of the 
1 *
t t t i  states a bit more difficult. Assuming that the red shift for
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one N-substitution in amides is the same as for two N-substitutions
1 *
in oxamides, the tm state of the planar conformation is about 0.5 eV
lower in energy than the twisted form. This value should be considered
1 *
a  minimum stabilization of the amide tttt state since the twisted 
molecule probably possesses a dihedral angle less than 90°.
The origin of the larger increase in intensity for twisted 
oxamides (~ 50%,) compared to the much smaller increase for planar 
forms (10 to 20%) may also be surmised. The twisted molecules have a 
larger percentage increase in intensity because the amide units tend 
to act as independent chromophores, i.e., the concentration of 
chromophores is larger than the concentration of chemical species.
This identical behavior is also found for two isolated amide units 
located in the same molecule. For example, in water solutions, the 
increase of the maximum absorption intensity for 2,5-diketopiperazine 
relative to N-methylacetamide is 53.5% and for N-acetyl-L-proline 
amide, it is 65% (30).
The slight shift of absorption energies of the twisted 
molecules relative to the corresponding amides is attributable to the 
fact that the twisted molecule does not actually contain two mutually 
perpendicular amide units. Furthermore, the small interaction that 
is present is apparently inadequate to modify the excited states of 
the amide units in such a way as to produce an emissive triplet state. 
However, in the planar oxamides, maximum interaction is expected, is 
found and is sufficient to produce conditions favorable for emission.
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Thus, twisted oxamides exhibit amide emission properties,whereas 
planar oxamides exhibit emissive properties pertinent to perturbed 
amide states.
Cis-planar conformation.--If the model proposed here is 
correct, oxamides of cis conformation should exhibit the same 
properties as the trans-planar entities. Complications might arise,
however, because the cis molecules belong to the point group.
•k
As discussed in Chapter VI, two n «- tt transitions are allowed for
cis oxamides t*ie same general absorption region of the
spectrum where only one is expected for the trans molecules (C^^)•
*
These tt *- tt transitions are found to be of unequal
intensity and energetically close (see Figure 16). As a result,
the energy maximum of the first transition is difficult to determine.
In 2,3-diketopiperazine, only a hint of a shoulder appears. Even
in the substituted diketopiperazine, the shoulder still remains
1 *
ill-defined. The energies of the nrr states are just as difficult 
to determine: u shoulder is seen in the diketopiperazine, but no
weak band is discernible in the substituted cis compound (see 
Figure 16).
Despite these experimental difficulties, the following
1 *
comparisons seem valid. The nTT state of 2,3-diketopiperazine is
stabilized by approximately the same amount as is found in trans
oxamide, i.e., about 9500 cm According to the CNDO/s correlations, 
1 *
the first trn state of the cis form must be used in order lo make
352
valid comparison to amide and trans oxamide. A choice of
N , N 1-di-n-propylacetamide as the model amide leads to the conclusion
1 * -1 
that the tm state of the diamide is stabilized by ~  1000 cm
whereas the trans oxamide is stabilized by ~  6000 cm These values
indicate that the cis form is of lower energy than the trans form.
1 *
The CNDO/s calculations also indicate that the first nn
state of the cis compound is lower than that of the trans--but by
1200 cm  ^ instead of the 4000 cm  ^ estimated from experiment. The
1 *
essentially unchanged energy of the nTT states of both forms is 
also predicted. Thus, from the estimated stabilization energies 
relative to appropriately-substituted amides as shown in Table 44, 
the CNDO/s predictions (see Figure 62) of a blue shift for both the
1 it 1 *
nTT and tttt states are indeed correct. Even the predicted energy 
differences are in correspondence with experiment. The only deficiency 
in the calculations is in the relative energies of formamide and 
ccamides as shown in Figure 67. The calculation apparently overes­
timates the Cl energy of formamide and yields the states which are 
too low relative to those ofcocamide.
An emission is expected from the cis compounds since the 
trans forms emit. A phosphorescence of the substituted cis compound 
does exist but is much weaker, red-shifted and completely structureless 
compared to the trans compounds. However, the lifetime of the emission
is the same for both types of compounds. These somewhat different
1 *
p r o p e r t i e s  c o u l d  p o s s i b l y  b e  a s s o c i a t e d  w i t h  t h e  a d d i t i o n a l  tttt b a n d
1 *
s i n c e  i t  i s  l o c a t e d  a t  r e l a t i v e l y  l o w e r  e n e r g i e s  t h a n  t h e  ttti b a n d
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TABLE 44
ESTIMATED STABILIZATION ENERGIES OF DIAMIDES RELATIVE TO AMIDE
1 * I *
n  TT TTTT
Conformation
Experimental Calculated Experimental Calculated
(cm*-) (cm (cm (cm
Trans 9500 ~  5000 6000 ~  5000
Twisted < 4600 0 400 to 750 0
Cis 9500 ~  5000 10000 ~  6200
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°f trans oxamides. However, the red shift of the emission correlates
*
best with the shift of the second tt ♦- tt transition. Whatever the 
details involved in the assignments of the cis and trans compounds, 
the important point is that these compounds, in fact, emit whereas 
the twisted molecules do not.
In summary, twisted oxamides exhibit excited state properties 
of more or less independent amide units, while cis and trans planar 
compounds present excited state properties of amide units modified 
by self-interaction. Although all other cr’dicarbonyls possess emissions 
which are directly relatable to the basic dicarbonyl system, the 
oxamide emission appears to be unique (see Chapter IV). This suggests 
that the oxamide emission refers more to amide characteristics than 
to dicarbonyl properties.
Parabanic Acid
MO correlations indicate that the lowest states of parabanic 
acid are similar to those of cis oxamide. A comparison of experimental 
properties confirms this. Relative to a choice of N-methylacetamide,
as the model amide, the parabanic acid stabilization is 13500 cm  ^ for
1 * - 1 1 *  
the nTT state and 13500 cm for the tttt state. This compares to
-1 1 *
9500 cm for both cis and trans oxamide for the nrr state and to
- 1 1 * ,
10000 c m  for the tttt state of cis oxamide. The CNDO/s results
agree that both states should be lower in energy for parabanic acid
than for cis oxamide: 2000 cm  ^ lower compared to the experimental
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-1 1 * -1
estimate of 3500 cm for the tttt state; and 50 cm lower for the
state compared to the experimental estimate of 4000 cm The
1 *
separation in parabanic acid of the two lowest nrr states is predicted
to be 1250 cm  ^ but is found to be ~ 7000 cm
The comparison of emission properties of cis oxamide and
parabanic acid is especially significant. The former phosphorescence
is weak, unstructured and exhibits a decay time of 0.01 sec and
S-T split of ~  4000 cm The latter exhibits the typical ry-dicarbonyl
emission: intense, structured, 1 msec lifetime, 2000 to 3000 cm 1
S-T split. These results would indicate that crdicarbonyl character
*
is dominant in the lowest nrr configuration of parabanic acid.
Actually, this is what is predicted from the correlation diagrams
k
even for the oxamides, i.e., that the lowest nrr configuration is 
almost totally localized on the dicarbonyl system.
Acyl Ureas
The asymmetric amide interaction is found in acyl ureas.
■k
These molecules have Cs symmetry. All the tt *- tt transitions are 
predicted to be allowed, and the observed absorption is very similar
k
to that of cis oxamides: a weakrr ♦- n transition at longer wavelengths
*
than two much more intense tt +- tt transitions.
1 *
The nTT state is observable at best as a weak shoulder with
a maximum at about 240 mu- in polar solvents. This represents a
red shift of about 4800 cm  ^ relative to the absorption energy in
*
amides. The weaker tt ♦- tt transition is found at 192. 5 mp in
acetylurea and 204 mp, in hydantoin. Besides the red shift for
hydantoin, there is also an increase in the intensity of the transition.
This is to be expected since this compound is alkyl substituted at
both nitrogens. Compared to isolated amides, as shown in Table 45,
1 ^
h y d a n t o i n  a n d  a c e t y l u r e a  h a v e  t h e  tttt s t a t e  r e d - s h i f t e d  a b o u t
3900 cm  ^ and perhaps 3000 cm \  respectively. The intensity of the
transitions are less than those of comparable isolated amides instead
of greater for the acyl ureas. This is also the behavior noted for
the cis oxamides.
The CNDO/s results, as shown in Figures 68 and 69, indicate
that the lowest-energy transitions of oxamide and formylurea are both
amide-like. The only difference in the MO's which are involved is
that the lowest-virtual orbital in formylurea is more localized on
1 *
the carbonyls than it is in the oxamide. The nrr state is predicted
to be less stable by about 4700 cm ^ than it is in oxamide, while the
-1 1 *
estimation from experiment is about 6000 cm . The rm state is 
predicted to be about 500 cm  ^ above the corresponding state of oxamide 
and is found to be about 2500 cm 1. The two t t h  states of an acyl 
urea are calculated to differ by 5200 cm  ^ compared to a predicted 
value for cis oxamide of 2700 cm The estimates from experiment 
are 8200 cm  ^ and 6000 cm \  respectively. The calculations do not 
do as well with regard to the intensities of these transitions in 
formylurea as they do in cis oxamide. In fact, in all Cg molecules—  
formylurea, pyruvamide and pyruvic acid— the first transition is
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TABLE 45
COMPARISON OF ABSORPTION OF ISOLATED AMIDES3 AND 
ACYLUREAS IN WATER
Compound \ (mil)
max ^
e (liter mole 1 cm 1 ) 
max
N-Methylacetamide ~  215
186
~  100
8800
Acetamide 182 7600
Q
2,5-Diketopiperazine 189 7700
Hydantoin ~  2b0 
20k
«  30 
3700 
11700 at 185 m^ x
Acetylurea 192.5 li+00
3See Tables k and 5.
bSee Table 3 1 .
c
E.B. Nielson and J.A. Schellman, J. Phys. Chem., 71, 2297
(1967).
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predicted to be more intense than the second, whereas the reverse is 
found experimentally.
All the acyl ureas studied had no detectable emissions.
This observation suggests that the interaction is insufficient to 
modify the amide excited states enough to lead to the conditions 
found in planar oxamides. The twisted oxamides in cyclohexane 
solutions also have stabilization energies of about 2000 to 2800 cm ^
and are also non-emissive in 3-MP. Note also that the
1 * 1 * -1 
s e p a r a t i o n  o f  t h e  tttt a n d  nTT s t a t e s  i n c r e a s e s  b y  a b o u t  5000 c m
in trans oxamides, but only by about 1000 cm ^ for acyl ureas.
Although the comparison is not as clear-cut as for the
oxamides, it appears that the absorption and emission properties
are amide-like, the interaction being less than for planar oxamides
but more than for twisted oxamides.
Acyl Hydrazines
The other symmetric diamide interaction forms acyl
hydrazines which, in the trans-planar form, belong to the point
group. The absorption properties of diacetylhydrazine are unique
for self-interaction amides. The first absorption band appears in
the region 325 to 265 mp, with a maximum at ~  285 mp, ^ 0 . 6
liter mole ^cm ^). This band has also been observed in single crystal
1 *
absorption. If this is an nTT state, the intensity is 200 times 
lower than that encountered in other diamides, and it is the most 
stabilized ^nn state found in all such molecules.
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A shoulder appears in the region 240 to 205 mp,
(e - 1000 liter mole ^cm followed by a band maximum at 187 mp,
(e -- 2800 liter mole ^cm ^). In the vapor, these bands occur at 
210.0 and 179.0 mp, respectively, and suggest a null solvent shift 
for the first band and a red shift for the second. No emission is 
detected.
1 *
The only rationalization of two rrrr states which are so
close implies that the molecule is twisted (C^ symmetry) and that
all four tt ♦- tt transitions are allowed. From Figure 69, the CNDO/s
1 *
results predict that a nrr state is to be found within 0.25 eV of 
1 *
the lowest tttt state; the experimental value is about 1.0 eV. The
maximum at 210 mp represents a stabilization relative to
-1 1 * 
N-methylacetamide of about 6100 cm , thus making the tttt state as
low or lower than that of oxamide where the stabilization is about
6000 cm \  The CNDO/s results indicate that the oxamide state should
be lowest by about 3000 cm
The CND0/_s calculations also indicate that the interaction
found in diformylhydrazine might exhibit different properties than
those of other amide self-interaction compounds. In Figure 68, the
h i g h e s t - f i l l e d  tt MO is shown to be of a different cha r a c t e r  than that
of other amide-containing compounds. In this molecule, the first 
I *"TTT transition is expected to originate in an MO which is not strictly
k
amide-like. Whether or not one could expect this new tttt configu­
ration L o  have singlet-triple t  absorption properties to account for
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the low intensity longwave absorption is difficult to say. The
1 *
experimental S-T split using band maxima at 210 mp, for the tttt and
3 * -1
28 3  m p  for the tttt is about 12300 cm , a reasonable separation for
states of tttt configuration. However, the intensity of a
singlet-triplet tt *- rr transition should be m u c h  less intense; in fact,
*
only a singlet-triplet tt «- n transition could have such large 
intensity in the absence of large SOC effects.
Thus, the excited state properties of diacylhydrazines 
cannot easily be rationalized in terms of amide properties. This 
assessment is based on an examination of only one compound, however, 
so it must be considered tentative.
Oxamide Luminescence and Related Observations 
Throughout this work, a major problem has been the assignment 
of the orbital nature of the oxamide phosphorescence. The emission 
characteristics are unique for oxamides, at least when compared to 
very closely-related compounds. Oxalic acid and dithiooxamides, two 
closely-related isoelectronic systems, and parabanic acid, a very 
similar molecule from a composite-molecule viewpoint, all have 
strong emissions of a completely different character than the oxamides. 
Even an examination of the very weak, excitation wavelength dependent 
emissions of the self-interaction amides is obviously of a different 
character because of their relatively long decay times (« 1 sec).
In Chapter IV, a possible explanation of the peculiar oxamide 
emission characteristics was put forth in terms of another peculiarity:
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the emission is somehow determined by the relative energies of the 
1 * 3 *
nTT and tttt states. This section examines this idea in more detail.
Table 46 presents pertinent data for a number of
amide-containing compounds. The compounds chosen for the table are
those that are closely related and yet have rather different emission
properties: amides and planar oxamides; the thio-derivatives of
amides and trans-planar oxamide; oxamide, ethyl oxamate and oxalic
acid; cis oxamide and parabanic acid; and imides and an N-methylactam.
In all cases, the compound of a given group that has the
1 * 1 *
largest energy gap between lowest nn and tttt (AE ) states is
SS
the one that exhibits one or all of the following emission properties
relative to the others of the group: the shortest lifetime, the
strongest intensity, the most vibrational structure. Some of the most
interesting examples are found for the oxamides. The data of Table 46
suggest that non-emission,or at least the weakest emissions, occur
when AE^g is less than 10000 cm ^. This includes amides, hydantoin,
twisted oxamides and ethyl oxamate. When AI£^ is approximately
10000 cm \  weak emission occurs as in planar oxamities. For AE
SS
about 15000 cm  ^ intense emissions are encountered as in pyruvamide 
and parabanic acid.
The difference in emissivity between amide and oxamide 
might be considered to be caused by the /-dicarbonyl nature of 
oxamide. The twisted oxamide, the form with least ^-dicarbonyl
character, lias no emission. More importantly, parabanic acid
3 *
possesses the typical ^-dicarbonyl emission from a iitt sLate, an
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TABLE 46
1 * 1 *
COMPARISON OF RELATIVE ENERGIES OF n r r  AND tttt STATES 
WITH EMISSION PROPERTIES
E *
Compound nrr (kK)
F Vf 
nrr (kK)
^ s (kK)
Emission t 
intensity
(sec)
N-Methylacetamide 53.8 46.5 7.3 very«yery 
weak
—
Hydantoin 49.0 41.7 7.3 very,very
weak
—
Ethyl oxamate 46.9 37.8 9.1 very.very 
weak
—
Tetramethyloxamide 50.6 >40.0 >10.6 no emission —
Oxamide 50.0 36.8 13.2 weak —
N , N 1-Di-n-propyloxamide 46. 5 36.8 9.7 weak° 0.01
Sub'd Diketopiperazine 45.0
39.2
35.7
35.7
9.3
3.5
weak^ 0.01
Dimethyl oxalate^ 55.6 37.0 18.6
e
strong 0.001
Pyruvamide 44.5 27. 6 16.9
e
strong 0.001
Parabanic acid 47.4
41.2
32.3
32.3
15.1
8.9
e
strong 0.001
Thiourea8 41.3 35.7 5.6 no emission 
e ,  «-4
Dithiooxamide 32.1 20.7 11.4 strong 10
£
Thioacetamide 38.3 32.1 6.2 very weak —
Succinimide 52.4 42.0 10.4 weak, but 
stronger than 
oxamides
0.001
Maleimide^ 37.5 28.6 8.9 intermediate 0.01
N-Methylmaleimide*1 34.0 28.6 5.4 weak —
Glyoxal 59.9 25.0 34.9 strong 0.001
Oxalyl chloride 63. L 29.9 33.2 strong 0.001
Oxalyl hromi.dc 52. (> 28. 6 24.0 no emission _ _
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TABLE 46— Continued
M a j o r i t y  of data is extracted from appropriate sections 
of this work.
^Excitation wavelength dependent.
Q
Slightly structured.
^Unstructured.
0
Structured.
^H. J. Maria and S. P. McGlynn, J. Mol. Speetry.,
177 (1972); Ibid.. in press.
^H. Ilosoya, J. Tanaka and S. Nagakura, Bull. Chem. Soc. 
Japan. 850 (1960).
C. J. Seliskar and S. P. McGlynn, J. Chem. Phys.,
4337 (1971).
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emission completely different from that of oxamide, amide or twisted 
oxamide. As indicated previously, the results of CNDO/s calculations 
show that the lowest electronic configuration should have strong 
^-dicarbonyl character. At the same time, the pertinent lowest excited 
states of parabanic acid are strongly correlated to cis-oxamide 
states, i.e., the addition of the carbonyl to the cis-oxamide system 
has little effect on the lowest-excited states other than a stabili­
zation of the energies. Experimentally, this stabilization is more for
1 * 1 * 
a nrr state than a rm state and leads to an increase in AE by
bu
about 5000 cm  ^ for parabanic acid.
1 *
It is important to note that the second rrrr state has been
considered in the discussion of the cis compounds. Although the
1 *
lowest cis and the trans nrr states correlate using the results of the
*
CNDO/s calculations, it is felt that the intense, second tt ♦- tt
transition of the cis compound is involved in this phenomenon. This
'SS(is prompted by the very small AE ( ~  3500 cm of cis oxamide
1 *
calculated using the energy of the first rm state. The separation
3 *
is so small as to infer that the emission should be rrrr in nature 
(i.e., should have a long lifetime of 0.1 to 1.0 sec) ^f the electronic 
configuration has a normal S-T split. Not only this, but the emission 
should then be even more red-shifted than indicated experimentally.
The same notion applies to parabanic acid. If the lower and weaker
1 * -1 
i n sLuLe is involved, then the AE , , of 8900 cm would indicate that
i> 8
a weak emission is to be observed.
365
The strong emission of pyruvamide and essentially non-emission
of ethyl oxamate can also be correlated to AE values for the two
bb
compounds. Also, it is interesting to note that the intensities of 
emission of ethyl oxamate (very, very weak), dipropyloxamide (weak) 
and oxalic acid (strong) correlate with the respective AE values of
u u
9100, 9700 and 18600 cm"1 .
A similar correlation exists for thioacetamide, thiourea 
and dithiooxamide. The corresponding AE values that are needed
ud
before emission occurs would appear to be less, however. This should
not be surprising as the emission lifetime and S-T split of the 
3 *
nTT emission of dimethyldithiooxamide are also less than its 
oxygen analogue (see Chapter III).
The data for imides also seems to fit this idea, again 
with an alteration of the critical AE values. Thus succinimide and
bu
maleimide have weak to intermediate emission intensities, while 
N-methylmaleimide has a weak emission. These compounds have AE
bb
values of 400, 8900 and 5400 cm 1 , respectively. Thus, the compound
1 * 1 *
with the smallest separation of nrr and rm states has the weakest 
emission.
In summary, there is a correlation of AE and emission
b b
properties for amide-containing molecules.
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APPENDIX B
STRUCTURAL INFORMATION
I. Bond lengths and angles of amide-containing molecules.
The following is a list of molecules used in the construction 
of Figure 2:
Fortnamide, gas: Ref. 19.
Formamide, crystal: Ref. 20.
Acetamide, gas: M. Kimura and N. Aoki, Bull. Chem. Soc. Japan.
26, 429 (1953).
Acetamide, crystal: W.C. Hamilton, Acta Cryst. . JJjS, 866 (1965).
Acetamide, rliombohedral: W.A. Denne and R.W.H. Small, Acta
Cryst.. B2Jj 1094 (1971).
Monofluoroacetamide: D.O. Hughes and R.W. H. Small, Acta Cryst.,
15, 933 (1962).
Chloroacetamide: J. Dejace, Acta Cryst. , lj), 240 (1957).
N-Methylacetamide, crystal: J.L. Katz and B. Post, Acta Cryst..
1 ^  624 (1960).
"Pauling and Corey" amide: Ref. 10.
CH„(CH„)oC0NH : J.R. Brathovde and E. C. Lingafelter, Acta
J Z o Z
Cryst., 729 (1958).
Succinamide: D.R. Davies and R.A. Pasternak. Acta Cryst. ■ h
334 (1956).
Glutamine: W. Cochran and B.R. Penfold, Acta Cryst.. 644
(1952).
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N,N'-Diacetylhexamethylenediamine: M. Bailey, Acta Cryst.. 8,
575 (1955).
Benzamide: B.R. Penfold and J.C.B. White, Acta Cryst..
130 (1959).
Acetanilide: C.J. Brown, Acta Cryst.. 2J^ 442 (1966).
Nicotinamide: W.B. Wright and G.S.D. King, Acta Cryst.,
283 (1954).
Picolinamide: T. Tanano et al., Acta Cryst., 514 (1966).
Urea: Ref. 155.
Biuret hydrate: E.W. Hughes, H. L. Yakel and H. C. Freeman,
Acta Cryst.. 14, 345 (1961).
Azodicarbonamide: see Table 1.
Succinimide: R. Mason, Acta Cryst.. 720 (1961).
Oxamide: Ref. 6 6 .
Diacetylhydrazine: Ref. 139.
Diformylhydrazine: Ref. 138.
Dihydrothymine: Ref. 150.
Uracil: R.F. Stewart, Acta Cryst.. 2^, 1102 (1967).
Dihydrouracil: Ref. 151.
Ethyl carbamate: Ref. 8 .
6-Amino-3-pyridazone: Ref. 8 .
Ammonium oxamate: see Table 1.
Pyrazinamide: Y. Takaki £t a_l. , Acta Cryst. , 13, 693 (1960).
N-Acetylglycine, beta-glycylglycine, iv-glycylglycine,
N,N'-diglycylcystine, glycyl-L-asparugine, and urea oxalate: 
see Table I of Ref. 10.
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Guanine HCl monohydrate: C.E. Bugy et a_l., Biochem. Biophys.
Res. Comm.. 436 (1968).
Cytosine: D.L. Barker and R.E. Marsh, Acta Cryst.. IJj 1581
(1964).
Alloxan: Ref. 6 .
2,5-Diketopiperazine: R. Degeilh and R.E. Marsh, Acta Cryst..
12, 1007 (1959).
Methyl-1-[(1-naphthyl)ethyl]-methylmandelamide: Acta Cryst..
B2£, 1320 (1969).
Parabanic acid: Ref. 166.
Cyanuric acid: E.H. Wiebenga, J. Am. Chem. Soc. . 6156
(1952).
DL-allatoin: D. Mootz, Acta Cryst.. 19^ , 726 (1965).
Alloxantin dihydrate: C. Singh, Acta Cryst.. 767 (1965).
Uric acid: H. Ringertz, Acta Cryst.. 2£, 397 (1966).
Barbituric acid: W. Bolton, Acta Cryst.. 16, 166 (1965).
Isocytosine: B.D. Sharraa and J.F. McConnell, Acta Cryst.. 19,
797 (1965).
II. CNDO/s calculations.
The input information for a given molecule needed for a 
CNDO/s calculation is the number of valence atomic orbitals 
(AO's), the number of occupied valence AO's, the number of 
centers and the coordinates of these centers in a coordinate 
system oriented by the usual rules of point-group theory (see 
Ref. 197). The symmetry routine in the configuration-interaction
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"Imide" (trans-trans); C2 v ; XZ; C.S. Peterson, Acta Chem.
Scand., 379 (1971).
Trans glyoxal; C ^ ;  XY; Kuchitsu £t al.. , J. M o l . Structure, 1^
463 (1967).
Cis glyoxal; C ^ ;  XZ; same as for item 5.
Oxalic acid; C„, ; XZ; same as for item 1.
2n
Trans oxamide; XY; Ref. 6 6 .
45° oxamide; C2 ; each nitrogen 22.5° out of XY plane; Ref. 6 6 .
90° oxamide; C2 ; each nitrogen 45° out of XY plane; Ref. 6 6 .
135° oxamide; C2 ; each nitrogen 67.5° out of XY plane; Ref. 6 6 . 
Cis oxamide; ; XZ; Ref. 6 6 .
Oxamic acid; C ; XY; ammonium oxamate: B. Beagley and 
s
R.W.H. Small, Proc. Roy. Soc. A, 276, 469 (1963).
Parabanic acid; XZ; Ref. 166.
Glyoxylamide; Cg ; XY; combination of information of items 
5 and 8 .
Glyoxylic acid; C ; XY; combination of information of items
s
5 and 7•
Formylurea; Cg ; XY; dihydrothymine: Ref. 150.
Diformylhydrazine; C ^ ;  XZ; Ref. 138.
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calculation is only applicable for the C., C , C„, C„ , D„,
i s 2 2v 2h
and point groups. To use the program for a molecule, 
the calculation is performed as if the molecule is C^ . The 
calculated MO's are then characterized in the C point group 
and the proper symmetry notations for the excited states 
obtained.
The structural information used for a given compound in the 
calculation of the input coordinates was taken from studies on 
the specific molecule wherever possible. Bond lengths and 
angles are seldom available for hydrogen atoms in X-ray diffrac­
tion data; estimates had to be made using data for similar bonds 
derived for other similar molecules. No attempt was made to 
adjust bond lengths and angles when various conformations of a 
molecule were done.
The following list gives the molecules that have been 
computed, their point-group symmetry, the plane of the coordin­
ate system containing the molecule and the source of the 
structural information used in the calculation:
Formaldehyde; C2v > XZ; L.E. Sutton, "Tables of Interatomic 
Distances," Spec. Publ. No. 11, Chem. Soc. London, 1958, 
Supplement Spec. Publ. No. 18 (1965).
Formamide; ; XY; R.J. Kurland and E.B. Wilson, Jr., J. Chem.
Phys.. 585 (1957).
Urea; C„ ; XZ; Ref. 155.
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APPENDIX C 
EXPERIMENTAL
I. Chemicals and their purification
The following compounds (usually reagent grades) were 
obtained from the indicated sources. They were purified, for 
the most part, by a minimum of three recrystallizations from 
an appropriate solvent, usually water or alcohol. Exceptions 
to this procedure are noted.
Commercial chemicals
Aliphatic amides and related compounds
Acetamide (MCB)— multiply vacuum distilled; recrystallized 
N-Methylacetaraide (Kodak)--multiply vacuum distilled; gas 
chromatographed; zone refined 
N,N-Dimethylacetamide (Aldrich)--multiply vacuum distilled 
2-Chloroacetamide (Baker)
Thioacetamide (Baker)
Urea (Baker)--vacuum sublimed; chromotographed on alumina 
column
Thiourea (Aldrich)
e-Caprolactam (K and K)— used as purchased
2,5-Diketopiperazine (Kodak)— vacuum sublimed 
Alanine anhydride (NBCo)— used as purchased 
N,N-Dimethylglycine, ethyl ester (Kodak)--multiply vacuum 
distilled
Lead glycinate (prepared from glycine and lead nitrate)-- 
recrystallized from water/NaOH 
Biuret (MCB)
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Aromatic amides
Benzamide (Kodak)
2-Phenylacetamide (Aldrich)
£-Toluamide (MCB)
m- and £-Toluamide (K and K)
Acetanilide (MCB)
1-Naphthaleneacetaraide (MCB)
2-Naphthaleneacetamide (Aldrich)
Oxamides
Oxamide (MCB)
2,3-Diketopiperazine (K and K)
N,N'-Dimethyldithiooxamide (K and K)— recrystallized in 
subdued light
Other amide-containing compounds
Itydantoin (Kodak)
Acetylurea (K and K)
Dihydrouracil (K and K)
Parabanic acid (Aldrich)
Poly(n-butylisocyanate)— gift from C.A.J. Hoeve of 
National Bureau of Standards— used as received
Synthesized chemicals
A number of compounds had to be synthesized. The products 
were purified, usually by recrystallization, until melting 
points were consistent with literature values; carbon-nitrogen- 
hydrogen analyses were done using departmental equipment and 
personel and, in some cases, IR spectra were obtained.
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Oxamides
N,N'-Dimethyloxamide— prepared from ethyl oxamate and
methylamine [See L.M. Rice, C.Il. Grogan and E.E. Reid, 
J. Am. Chem. Soc.. 7Jj[, 242 (1953).] 
N,N'-Di-n-propyloxamide— prepared from oxalyl chloride 
and n-propylamine [Adapted from method of 
B. H. Armbrecht et.al,. , J- &n. Chem. Soc.. 75, 4829
(1953).]
Tetramethyl- and tetraethyloxamide--prepared from oxalyl 
chloride and dimethylamine [See B.H. Armbrecht et.al.. 
J. Am. Chem. Soc.. 4829 (1953).] Compounds vacuum
distilled; storage under nitrogen or argon; all solu­
tions were made in inert atmosphere.
5,5-Dimethyl-l-isopropyl-2,3-diketopiperazine— prepared 
from methyl oxalate and N-(2-aminoisobutyl)-isopropyl­
amine (Aldrich) [See J.L. Riebsomer, J. Org. Chem..
68 (1950).]
Diacetylhydrazine— prepared from hydrazine sulfate, sodium 
acetate and acetic anhydride [See G. Peillizzari, Gazz. 
chim. Ital. . 536 (1909).]
Aromatic amides
The following were prepared by the hydrolysis in poly- 
phosphoric acid of the appropriate nitrile. [See
H.R. Snyder and C.T. Elston, J. Am. Chem. Soc.. J£j 
3039 (1954)]:
1-Naphthamide
2-Naphthamide 
9-Phenanthramide
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u'-Dicarbonyls
All manipulations of these compounds were carried out in 
inert atmosphere. Purification was by vacuum distil­
lation in all cases:
Biacetyl (MCB, chromatoquality)
Ethyl oxalyl chloride (Aldrich)
Oxalyl chloride (MCB)
Methyl pyruvate (Kodak)
Pyruvic acid (MCB)
The syntheses of trimethylpyruvic acid, methyl tri- 
methylpyruvate and pyruvamide were carried out by 
Dr. John F. Arnett.
Solvents
The solvents used for absorption spectroscopy were a min­
imum of reagent grade and usually spectroscopic or fluorimetric 
grade. Baselines were always run to check the quality of the 
given solvent prior to taking an absorption spectrum. The 
solvents used most often were deionized water, acetonitrile 
(MCB Spectroquality), and ethanol (reagent grade); hydrocarbon 
solvents used were Harleco Fluorimetric Grade.
The solvents used for emission spectroscopy were deionized 
water, EPA (a mixture of ether, isopentane and ethanol) and 
mixed alcohol (a mixture of methyl, ethyl and isopropyl 
alcohols.) EPA and mixed alcohol were purchased from 
Hartman-Leddon Company. The emission of these solvents at 77°K 
was always checked under the experimental conditions to be used 
for a given compound.
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II. Instruments and procedures
The following instruments and accessories have been used in 
this work:
Cary Models 14 and 15 recording spectrophotometers 
McPherson Model 225 1-meter vacuum UV recording spectrophotometer 
Aminco-Kiers Spectrophosphorimeter (150-W Xenon lamp excitation 
source)
An emission system utilizing a Cary 15 excitation mono­
chromator, A Jarrell-Ash Mark V half-meter scanning emission 
monochromator and a Princeton Applied Research Corporation 
phase-sensitive detection system. The system involved front- 
surface excitation.
TRW Decay-time Fluorometer System (Model 75A)
Tektronix Model 556 Dual-beam Oscilloscope
Microflash Model 549 (Edgerton, Germeshausen and Grier, Inc.)
Absorption Studies
Solution work was carried out using the Cary 14 and 15 and 
matched quartz absorption cells of pathlengths 0.1, 0.2, 0.5,
1.0, 2.5, 5.0 and 10.0 cm. Vapor spectra for solids were 
usually taken using a specially-constructed heating jacket 
for a 10-cm cell. Another heated 10-cm cell was used to pro­
vide sample vapor when using the McPherson vacuum UV instrument.
o
Absorption studies at 77 K were done using a special quartz 
dewar (Worden Quartz Products, Inc.). For absorption in 3-MP
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at 77°K, special quartz absorption cells (Worden Quartz 
Products, Inc.) were used. Absorption studies on crystalline 
material were carried out on samples prepared by simply melt­
ing the compound between two quartz flats. The sample was 
examined under a polarizing microscope for general optical 
quality (holes, thickness, etc.) and to locate areas of 
largest single crystals. The sample was then immersed into 
liquid nitrogen contained in the low-temperature absorption 
dewar.
Absorption studies at 4.2°K were carried out using a contact 
dewar constructed in the departmental metal shop. Crystalline 
samples were prepared as before. Liquid helium could be kept 
in the inner chamber for several hours. The polarized absorp­
tion spectra of crystalline N,N'-dimethyldithiooxamide were 
obtained using a single polarizer oriented at an arbitrary 0°
relative to the sample; the other polarizer orientations of
o
Figure 24 are relative to this arbitrary 0 .
Emission studies
The Aminco-Kiers instrument was used exclusively in the 
project on emissions from aliphatic amides and related com­
pounds. The difficulties involved in a study of very weak 
emissions cannot be overstated. In this particular project, 
the major obstacle was that the background emission from solvent 
was of the same order of Intensity of the sample emissions 
detected. Three criteria were established to validate the
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presence of an intrinsic molecular phosphorescence:
(i) The intensity of the luminescence must be signifi­
cantly (at least twice) above background emission.
(ii) The emission spectrum must be independent of excita­
tion wavelength.
(iii) The emission spectrum of a given molecule must not
change with method of preparation and/or purification 
and/or source of the compound.
It is estimated that under the best conditions, a luminescence 
- 4
yield of ~  10 would have been detected.
Compounds which can be classed at least as weak emitters, 
e.g., dipropyloxamide, may be studied using the instrumental 
system based on the Princeton Applied Research (PAR) detection 
system. Much better resolution is available with this system 
than with the Aminco. Sample containers were quartz tubes 8 ron 
and 4 mm in diameter which could be degassed using the freeze- 
thaw technique. Excitation spectra were corrected for lamp 
output and photomultiplier response.
An experimental property important in emission studies is t , 
the decay time of emission (lifetime). Emission decay times 
can range from nanoseconds to seconds and various techniques and 
instruments are needed to cover this wide range.
Phosphorescence. t  > 0.1 secr-For these long decay times 
several techniques have been used. For weak emission, the 
Aminco-Kiers instrument must be used. Once the intensity of
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the emission has been maximized, the excitation light is
eliminated by quickly sliding the slot holder from an open
port to a closed port. The emission decay is recorded on an
XY-recorder with the X-axis set on an appropriate time base.
For stronger emissions, a flash lamp-filter system-photomulti-
plier-oscilloscope setup can be used to measure lifetimes.
The flash lamp triggers the oscilloscope time base and the
decay is photographed directly using an attached Polaroid
camera. The lifetime is then computed by taking the difference
of the In (intensity) at time t^ and t and dividing by t^-t^.
-3 -1
Phosphorescence. 10 < t  < 10 secr-Decay times of
< 10  ^ sec cannot be monitored successfully using an XY
recorder because of its response limit. For weak emissions, 
the Aminco is used in conjunction with an oscilloscope. The 
phosphoroscope speed for the Aminco is adjusted so that the 
emission decays during the time that the phosphorescence is 
monitored, i.e., while the open port of the phosphoroscope is 
directed toward the emission slit-photomultiplier system of the 
Aminco. The oscilloscope is adjusted so that a minimum number 
of traces is photographed.
For strong emissions, the same technique described previously 
using the flash lamp-filter system-photomultiplier-oscilloscope 
setup is used.
Fluorescence. 10 ^ < t  < 10 ^ sec.--This range of decay times
is conveniently measured using the TRW Model 7 5A system which
398
is useful for lifetimes as short as 1.7 nanoseconds 
-9
(1.7 X 10 sec). The system, using a dual beam oscilloscope, 
allows the synthesis of decay curves which are superimposed on 
the experimental curve until a match is achieved. The adjust­
ments needed to synthesize the decay curve are read directly 
as the lifetime. The excitation source is a pulsed nitrogen 
lamp with a decay time ~  10 ^ to 10 ^ sec. Only strong emis­
sions are conveniently measured in this system.
*6 “ 3
Fluorescence or phosphorescence. 10 < t  < 10 sec.--
-4 -3
Lifetimes in the range 10 to 10 seconds are at the limit
of detection for the Aminco system because of the phosphoro­
scope rotation speed and the setup using the flash lamp 
because of its decay time. For a strong emission with a decay
time less than 10 to 10 sec (N,N,-dimethyldithiooxamide),
the use of the pulsed nitrogen lamp and oscilloscope can pro­
vide suitable decay traces between individual pulses of the 
nitrogen lamp.
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